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Application of Conducting Composition Fuseheads in 
Pyrotechnic Devices 


Vojtech Pelikan 
Institute of Energetic Materials (IEM), University of Pardubice, Czech Republic 
Tel: +420 466 038 056, fax: +420 466 038 024, email: vojtech.pelikan@upce.cz 


Abstract: The electrical properties of bridgeless fuseheads were examined. A conducting composition 
based on the mixture lead styphnate, Viton binder and conductive admixture was used as the fusehead 
priming mixture. Several types of conducting admixtures, namely two types of natural finely milled graphite 
and special conducting carbon black, of varying particle size and origin, were used. To produce fuseheads 
the standard dipping technology for application of the pyrotechnic mixture was used. Fuseheads equipped 
with a safety shroud and leading wires were installed in a standard aluminum body No. 8 detonator to 
test the electrical and firing characteristics and determine how these fuseheads will affect the detonator’s 
properties in particular regarding reaction time. The measurements further included determination of 
electric sensitivity (All-fire energy) and resistance. 


It was found that for production of this type of fusehead is possible to use standard dipping technology 
without significant change in the technological process, but the presence of binder in the pyrotechnic 
composition has a considerable influence on the electrical properties. Determination of the reaction times 
of detonators showed that is possible to reach very short reaction times less than I ms. This is approx. 20 
times less compared with a detonator (or fusehead) equipped with a standard bridge wire fusehead. This 
could be advantageous for the many applications where a fast response of the electro-explosive system is 
required together with low cost and ease of use. Typical of such applications are firework displays and 
special pyrotechnic effects. 


Keywords: conducting composition, initiator, lead styphnate, electric detonator, fusehead 


initiators available at that time. Later CC initiators 
ceased to be used in industrial application due to 
the difficulty of simultaneous ignition in serial 
firing circuits. 


Introduction 


Electric initiation is the most common method for 
ignition of explosives or pyrotechnic devices. In 
this process electrical energy is transformed into 
heat energy which is then used for heating a small 
amount of explosive (usually a primary) to its 


Interest in CCs grew during WWII as, in order to 
accommodate the need to increase the rate of fire 


ignition temperature. The heat stimulus obtained 
is next transformed and amplified depending on 
the required ignition intensity of the initiator (e.g. 
shock wave, heat, hot particles). Nowadays several 
methods of transforming the electrical energy are 
used. One of these methods involves the use of 
electrically conductive pyrotechnic compositions 
(hereafter CC). 


The first application of these electro-explosive 
devices (EEDs) was mentioned by Drekopf' 
regarding electric blasting caps. CCs were then 
used due to their easy manufacture and simple 
construction but mainly for their higher resistance 
to stray electric currents compared to other electric 
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of aircraft weapons, it was necessary to develop 
fast and powerful but also small and resistant 
electric primers. Later CC systems were applied to 
other military pyrotechnic devices. But mostly, up 
to now, CCs have been used in primers for small 
range ammunition. A characteristic construction 
feature of these devices is the absence of galvanic 
connection between two electrodes (e.g. a bridge 
wire). 


The connection between the two electrodes is 
made by a pyrotechnic composition containing an 
admixture of an electrically conductive material 
(e.g. powdered metals, graphite, carbon black) with 
the pyrotechnic composition. The characteristic 
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Figure 1. ///ustration of the characteristic 
construction of CC primers. 


configuration of CC primers is shown in Figure 
1. 


During the 1980s intensive research” was carried 
out into the properties and factors affecting 
performance and safety, due to worries resulting 
from unexpected ignition or defective function due 
to the high sensitivity of these devices. Sheridan* 


presented results showing a significant influence 
of the type and particle size of the conductive 
admixture on the reaction time and sensitivity of 
CC primers. This work also showed that by using 
graphite of different origin (natural or synthetic) 
and/or mixtures thereof it is possible to markedly 
change the parameters of CC primers. 


This fact has been validated also by other 
authors. Spear* focused his work on studying the 
influence of the particle size of lead styphnate 
on the electrical parameters, namely the electric 
resistance. Examples of the pyrotechnic priming 
formulations used in the CC primers in the current 
ordnance are presented in Table 1. From Table 1 
it is evident that main component of all the CCs is 
lead styphnate (LS), which produces the necessary 
acceleration, brisance and heat sensitivity. Also it 
is clear that finely milled graphite and conductive 
carbon black are mostly used in the conducting 
admixtures. Several other types of conductive 
admixture, and how to create conductive mixtures, 
are described in the literature.** 


Spear’ tried to substitute LS by some less dangerous 
compounds but he found it too difficult to fulfil the 
required’ parameters for CC primers without using 
LS as a part of the pyrotechnic mixture. Bentley® 
and Redman? were interested in decreasing the 
electrical sensitivity of CC systems for 20 mm 
aircraft ammo to fulfil 1 A/l W requirements 
on electrical sensitivity. They found that with a 


Table 1. Pyrotechnic priming CC mixtures used in explosive ordnance. 


M 52 DEFA? 
Ingredient N 8 Igniter> N 43 Primer® M 52 A3B14 
Conducting mix Priming mix 
Lead styphnate 95.0 — 95.5 48 97 98.5 40 + 2.5 
Graphite 4.5 —5.0 2 3 4.5 
Carbon black - - - - 0.75 + 0.25 
Barium nitrate - 12 - - 44.25+2.5 
perchlorate : 28 : . 
Calcium silicide - 10 - - 13.0+2.5 
Titanium - - - _ — 
Arabic gum = = = = 1.0+0.25 
Styphnic acid - - - 7 1.0+0.25 
Reference Spear” Spear” Spear? Spear® Spear” 


‘Double base” primer for 30 mm aircraft cannon ammunition. ° An igniter for electrical fuse. © Part or a primer for 
4.5 inch naval ammunition (used in Australian Ordnance). “ Primer for 20 mm F/A-18 ammunition (used in Australian 


Ordnance). 
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suitable selection of components it is possible to 
significantly decrease electrical sensitivity, almost 
to fulfil the 1A/1W criteria. 


Civilian use of CC systems is presented in several 
patent!®"! applications. CC systems are particularly 
applied in primers for special purposes and 
sporting caseless ammunition and in car restraint 
systems. |” 


The aim of this work is to verify the possibility of 
manufacturing cheap CC fuseheads using dipping 
technology for pyrotechnic mixture loading. Also 
required is the application of recent technology 
and construction for industrial detonators without 
changes to existing technology. The application 
of such a technology requires addition of some 
suitable binder, which brings completely different 
properties compared to the standard CC primers 
loaded by pressing technology. 


Experimental 
Materials used 


Rehydrated lead styphnate having an average 
particle size of 22 um from standard production 
at Austin Detonator, Vsetin, CZ, was used for 
sample preparation. Electron micrographs of the 
LS used are presented in Figure 2. 


Fusehead skeleton 


A standard bridge wire skeleton, without bridge, 
type NN 1.2mm was used for the production 
of test samples. All the wire skeletons used for 
experiments were taken from serial production at 
Austin Detonator. Figure 3 presents the dimensions 
of NN 1.2 mm skeleton. 


Conducting admixtures 


Natural finely milled purified graphite and 
conductive carbon black were used as a conductive 
admixture. Graphite was supplied by manufacturer 
Maziva Tyn, Ltd, CZ. Types marked CR2996 and 
CR12996 were chosen. Conductive carbon black 
was supplied by manufacturer Cabot CS, CZ. The 
type marked Vulcan XC72R was chosen. This is 
added to plastic materials to improve ESD safety. 
Some of the properties of carbon black are listed 
in Table 3. 


Electron micrographs of conductive admixtures 
are presented in Figure 4. Some mechanical and 
physical properties of the graphite tested are 
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Figure 2. Electron micrograph of LS used. 


presented in Table 2. 
Binder 


A 10% solution of Viton B in butyl acetate was 
used as a binder. Due to the time required for 
binder preparation (several weeks) samples from 
fusehead serial production at Austin Detonator 
were used. The quantity of binder added to a 
composition was the same as that used for standard 
bridge wire fuseheads. 


Sample preparation 


125g of mixture with varying amounts of 
conducting admixture was always prepared for 
each sample. A list of the compositions prepared 


KY 
LyX Vy XXX) 


We 


MY 


S 2.4 


~0.5 
W 


Figure 3. Dimensions of wire skeletons used, 
type NN 1.2 mm. 
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Table 2. Graphite properties. 


CR2996 CR12996 
Carbon 99.7% 99.7% 
Ash 0.3% 0.3% 
Water 0.2% 0.2% 
Particle size* d554.0um ds) 8.0 um 

doy 8.0 um ~— dg 22.0 um 
Surface area? im? «a 6m’ g! 
Volume density 160 gI! 200 g I! 


ana, Leh hI AACTNG 1h00, neni. DR 
“Data from manufacturer’s MSDS, laser analysis. ° N> 


BET isotherm. 


and tested and their abbreviations is presented 
in Table4. The production of the sample 
compositions involved first adding the required 
amount of LS, then the conducting admixture and 
finally the solution of binder. Complete mixing 
was conducted behind protective armour until 
homogeneous color and consistency were achieved. 
The mixed composition was then passed through 
a brass sieve (0.056 mm mesh) and thinned using 
clear buty] acetate to produce aconsistency suitable 
for dipping. Each composition sample was used 
prepare 600 pieces in frames subdivided into 200 
sections. The dipping process was repeated 2—3 
times until the desired fusehead size was achieved. 
The fuseheads were then finished by painting with 
three layers of protective enamel. Photographs of 
the final CC fuseheads are presented in Figure 5. 


Table 3. Carbon black properties. 


Figure 4. Electron micrographs of conductive 
admixtures (Top: graphite CR2996. Middle: 
graphite CR12996. Bottom: Vulcan XC72R). 


Particle size Surface area Solubility Density 
Vulcan XC72R 30 nm 254m? ¢ 1.5% 100 gI! 

Table 4. List of pyrotechnic mixtures prepared and sample abbreviations. 

Content (%) 
Abbreviation used 

Graphite CR12996 Graphite CR2996 Carbon black LS 
CR12-5 5 = = 95 
CR12-10 10 7 - 90 
CR2-5 = 5 - 95 
CR2-10 - 10 90 
S-1 - - 1 99 
8-2 - - 2 98 
Page 6 Journal of Pyrotechnics, Issue 24, Winter 2006 


Figure 5. Photograph of the final CC fuseheads 
on the NN wire skeletons (scale in cm). 


Determination of electrical 
resistance 


Electrical resistance was measured by determining 
the volt-amp characteristics using a controlled 
DC power supply (Kikusui PAX 10A, 0-30 V) 
in the range 0-30 V. Current was measured 
using an ammeter (METEX 4270). Ten pieces 
from each composition sample were tested at 
the following voltage levels: 5, 10, 15, 20, 25, 
30 V. Measurements made at 5 V were used as a 
comparison and the standard deviation calculated. 
The values of resistance measured at the different 
voltage levels are presented in Table 5. Each 
value is the average of 10 tests at the same voltage 
level. 


Determination of firing energy 


The comparative electrical sensitivity of the 
samples was measured by the amount of electrical 
energy consumed by the fusehead which was 
necessary for reliable ignition. For this purpose a 
capacitor firing unit consisting of a high voltage 
unit, a set of capacitors and safety and arming 
electronics was used. A precision current viewing 
resistor (CVR) was also used to measure current 
changes. This device also allows the simulation of 
the resistance of the leg wires — a nominal value 
of 5 Q was used to simulate the influence of the 
firing circuit (leg wires, wire connection of wires, 
connecting terminals, etc.) A 20 uF capacitor 
was used in all these tests. The firing energy was 
calculated from the voltage drop recorded across 
a current viewing resistor, using one channel of 
a digital oscilloscope. Figure 6 shows a typical 
record of firing, where channel 3 presents the 
voltage change across the current viewing resistor 
and channel 2 shows the signal picked up by 
an explosion probe (described later) from the 
explosion of the detonator secondary charge. To 
make calculation easier, a simplification was used: 
typical current passing through the fusehead was 
taken to be rectangular in shape (see Figure 6). 
Then the firing energy, consumed by the fusehead 
is given by the following equation: E = 4,°Iy'U, 
where ¢, is the time during which current passes 
through the fusehead, J, is the magnitude of the 


Table 5. Electrical resistance in ohms of the fuseheads (calculated using their V-A characteristic data). 


Voltage (V) 

Sample 5 10 15 
CR2-5 2349 2207 2670 
CR2-10 103 172 258° 
CR12-5 31238 34062 49928 
CR12-10 143 259 460 
S-1 10080 9920 9732 
S-2 10330 10101 9888 


Std. Dev.° at 

20 25 30 5Vv 

2975 3350 3589 234 
n/a n/a n/a 2:2. 

40931 40041 22597 12000 
745° n/a n/a 8 
7911 7886 7915 700 
9803 9811 9829 2200 


Note: n/a means that all the samples tested under that condition initiated immediately after application of the testing 
voltage without change the measured current value. All values are presented in ohms; the standard deviation for level 
of 5 V was calculated from all values of resistance * 3/5 of the samples initiated immediately after a few seconds after 
the application of the test voltage. ° 1/5 of the samples initiated immediately after a few seconds after the application 
of the test voltage. © The one-sigma standard deviations were calculated using the n — 1 method. This is an indication 
of the precision (reproducibility) of the timing of the event. Approximately 70% of the events occurred within plus or 


minus one standard deviation of the average. 
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current passing through and U is the initial value of 
the voltage across the capacitor before discharge. 
t, is the reaction time of the whole system, i.e. 
the time from when delivery of energy is first 
delivered to the fusehead to when the secondary 
charge explodes. The meaning of the symbols is 
also evident from Figure 6. 


Reaction time of detonators 


The prepared fuseheads were mounted on a 
standard detonator aluminum body equipped with 
a primary and a secondary explosive charge. The 
detonators were fired using the capacitor firing 
machine described above and their reaction times 
and firing energy recorded. 15 detonators from 
each type of fusehead were tested. The detonators 
were fired using a 20 uF capacitor charged to 
260 V. The detonation of the secondary charge 
was observed using an explosion probe placed 
around the secondary charge of detonator. The 
probe consists of several coils of an insulated 
copper wire, which connected to a 9 V battery via 
parallel 100 kQ resistor. The complete probe was 
monitored using another channel of the digital 
oscilloscope. The explosion of the detonator is 
registered as a voltage drop, because then the wire 
loop of the probe is broken by the secondary charge 
explosion. A typical signal from the explosion 
probe is presented in Figure 6. Figure 7 presents a 


Figure 6. Characteristic record of fusehead 
and detonator explosion captured using a digital 
oscilloscope. Channel 3 recorded the voltage on 
the current viewing resistor; channel 2 recorded 
the signal from the explosion probe. 
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Figure 7. The configuration of the equipment 
used for testing of the electrical sensitivity and 
reaction time. 


schematic of the measuring apparatus. Detonators 
were fired in the specially designed armored 
protection chamber allowing experimental work 
to be conducted safety. The chamber has its own 
system of ventilation and wire terminals for the 
probes and leg wires. 


Results and Discussion 


An overview of the measured electrical resistances 
at the 5 V level is presented in Table 5. The lowest 
resistance, 104 Q, was achieved by the composition 
containing 10% of CR2996 graphite. Comparison 
with other data reveals that increasing the graphite 
above 10 % content does not bring any significant 
decrease of resistance in any composition. Those 
compositions containing 5% graphite exhibit 
a strong influence of the graphite particle size. 
Composition CR2-5 has a resistance several 
times higher than the composition containing 5% 
CR12996 (CR12-5). Compositions containing 
carbon black as the conductive admixture and 
Viton B as the binder are generally less sensitive 
on percentage of admixture content. This contrary 
to the findings of some authors* and is probably 
due to the binder added to the composition acting 
as an insulating layer between the conductive 
particles and so raising the electrical resistance 
of fuseheads. This is in agreement with the 
fact that similar compositions?* which do not 
contain a binder with the same content with the 
same conductive admixture content have much 
lower resistances and are also more sensitive to 
amount of added binder. Samples made from the 
composition CR2-10 exhibited the best uniformity 
of resistance fluctuating about 2.1% around the 
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Table 6. Results for the fusehead electrical 
sensitivity tests. 


Sample Energy (mJ) 
CR2-5 9.7 
CR2-10 11.8 
CR12-5 3.7 
CR12-10 86.5 
S-1 2.0 
S-2 3.1 


average. On the other hand the highest resistance 
fluctuations occurred in compositions with the 
same type of graphite, but with 5% content. This 
is probably caused by the higher degree of coating 
of the small graphite particles by binder. This 
could cause less good physical contact between 
the graphite particles reducing the number of 
conducting paths through the composition. The 
resistance of some samples was so high that 
ignition failure was caused. The resistance data 
also show a rapid increase of resistance value with 
applied voltage in graphite compositions with 
graphite content of about 29%. On the other hand 
the situation in compositions containing carbon 
black is completely different: increasing the 
applied voltage causes the resistance to decrease 
to around 10% of the initial value. These are 
clearly therefore differences in the conduction 
mechanisms between compositions that contain 
graphite and those that contain carbon black. This 
fact is confirmed by differences in the electrical 
sensitivity of compositions that contain graphite 
compared to those that contain carbon black, 
although on the basis of the energy consumed, 
carbon black compositions seem to be more 
sensitive. 


Compositions containing 10% of graphite exploded 
in 60% of the trials conducted at 15 V. Above this 
level all samples made from CR2-10 composition 
initiated. This sensitivity could be explained 
by better contact between smaller particles of 
graphite thus leading to the formation of more 
“hot spots” where local overheating occurs when 
current passing through. These “hot spots” rapidly 
increase the chance of local overheating of lead 
styphnate particles leading to explosion/ignition 
of the complete fusehead. 


Electrical sensitivity data are presented in Table 6. 
It can be clearly seen that the lowest sensitivity 
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to electrical discharge of the compositions tested 
are those containing carbon black (S-1, S-2) with 
values 2.0 mJ and 3.1 mJ respectively. Comparing 
with other authors** the amount of carbon black 
addition does not have as great an effect as is 
usually claimed. On the other hand the amount of 
the graphite added rapidly changes the sensitivity 
especially of compositions with CR12996 
graphite. Changing the CR12996 graphite from 
5% to 10% causes the sensitivity to electrical 
energy to decrease by a factor of almost 24. On the 
other hand compositions containing finer grained 
graphite (CR2996) do not show such behavior. 
This highlights again the relationship between 
conducting admixture particle size and binder. 
The binder produces a very thin coating over the 
particles in the mixture decreasing the number of 
conducting paths created and raising the number 
of places with high resistance. This brings about 
an increase in the current flow through these 
places producing “hot spots” where lead styphnate 
could be initiated. This increase in the number 
“hot spots” in the composition brings about the 
higher sensitivity of the final fusehead to electrical 
energy. Data from the volt-amp experiments show 
compositions with the CR12996 graphite to be 
more resistant to this phenomenon. 


The most interesting data were obtained from 
reaction time measurements. Generally detonators 
equipped with CC fuseheads have very short 
reaction times. It is generally known that the key 
factor for final promptness of a detonator (or any 
EED) is the speed of response of the fusehead to 
an electrical stimulus. The best response of the 
detonators examined was achieved with an S- 
2 fusehead, namely 113 us. The best quality of 
response was obtained from CR2 compositions 
where the standard deviation in the response 


Table 7. Reaction times of detonators with CC 
fuseheads. 


Sample teen Std. Dev. (us) 
CR2-5 174 8 
CR2-10 228 18 
CR12-5 199 DD 
CR12-10 132 15 
S-1 162 68 
S-2 113 12 
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time was 4.6% (8 us). Results from reaction time 
measurements are presented in Table 7. 


Conclusions 


Experiments have been completed which 
demonstrate the possibility ofproducing conductive 
composition fuseheads built on a standard NN 
1.2mm _ fusehead skeleton used for standard 
bridge wire fuseheads. It was found there is no 
need to significantly change the standard dipping 
technology used for CC fusehead manufacture. 
The results show a significant effect on the 
fusehead electrical properties of both particle 
size and origin of the conducting composition. 
By varying of these parameters and selecting a 
suitable conducting admixture it is possible to 
vary the fusehead properties over a wide range. 


The application of conducting fuseheads to a 
standard detonator allows very short reaction times 
to be achieved compared to systems containing a 
standard bridge wire initiator. All the detonators 
tested had reaction times (the time from first 
initiation stimulus to explosion of the secondary 
charge) less than 1 ms without using any special 
firing conditions. CC systems bring about reaction 
at least ten times faster compared to standard hot 
bridge wires, but with very low manufacturing 
costs. The application of CC systems could be in 
devices where fast reaction times are required, e.g. 
seismic exploration, electronic firing systems or 
in applications where high precision simultaneous 
ignition is required, e.g. special firework displays 
or special pyrotechnic effects. 
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Metal—Fluorocarbon Pyrolants: VII." 
Crackling Effect Based on Mg/KCIO,/(C.F.,),, 


Ernst-Christian Koch 
Diehl BGT Defence GmbH & Co. KG, Fischbachstr. 16, D-90552 R6thenbach a.d. Pegnitz, Germany 


Abstract: 4 mixture of magnesium, potassium perchlorate, KCIO, and polytetrafluoroethylene, (-C>F -), 


displays an audible crackling effect with nice sparks. 


Keywords. crackling effect, magnesium, potassium perchlorate, polytetrafluoroethylene, Teflon™ 


In fireworks crackling effects are used in small 
hand-thrown devices like “dragon eggs” or as the 
payload for firework shells. The crackling effect 
is based on the thermitic reaction of magnalium 
(MgAl-alloy), and sometimes aluminum, with lead 
tetroxide (Pb;O,) and copper oxides.' Some time 
ago Jennings-White introduced bismuth oxide 
(Bi,O;) as a non-toxic substitute for lead oxides.” 


So far it has seemed that the presence of 
magnalium is a necessary prerequisite for the 
intermittent reaction explained on the basis of the 
consecutive combustion of both Mg and Al with 
different oxidizing entities. In addition, aside from 
a few reports of potassium nitrate as co-oxidizer, 
only metal oxides have been reported as main 
oxidizers. 


The present communication reports on a 
composition free of aluminum, magnalium and 
metal oxides that gives a crackling sound when 
ignited. 

In the course of pyrolant screening the author 
tested a composition based on equimolar amounts 
of magnesium, potassium perchlorate (KCIO,) 
and polytetrafluoroethylene (Teflon™, PTFE, 
(C,F,),,) (Table 1). 


The corresponding mixtures were prepared on 
+ For Part VI see ref. 12. 


Table 1. Composition details. 


a 1 g batch size from magnesium powder (non- 
ferrum Metallpulver, A-5111 St. Georgen, 
ECKA Mg-Pulver LNR-61, mean particle radius: 
20 um), potassium perchlorate (Aldrich, D- 
82018 Taufkirchen, #46,049-4, mean particle 
radius: 25 1m), polytetrafluoroethylene (Dyneon, 
D-84504 Burgkirchen, TF-9205, mean particle 
radius: 2 um) by sieving the ingredients into 
an agate mortar and homogenizing them with 
some acetone. The homogenized mixtures were 
transferred to an oven and dried at 60 °C for | hour 
at ambient pressure. 


The mixtures were consolidated by compression 
in a cylindrical 13mm diameter die. For 
the differential scanning calorimetry (DSC) 
measurements, to achieve greater homogeneity, 
fragments of the pellets were used. 


The overall reaction can be formulated as 
n KClOws) +2 Mg + (CoFa)n > 1 KF (5) 
+n MgFy,) + 2n CO, + n CIF (1) 


ApH: —1292 kJ mol! {That is —4.91 kJ g! or 
—11.38 kJ cm>.} 


Ignition of a pressed pellet (13 x 5 mm) of the 
material (p29 0c: 2.23 gcm™°, that is 96% TMD) 
with a butane flame yields a pink-violet flame and 
a distinct audible crackling effect. Figures 1 and 
2 show the effect and traces of sparks. Figure | 


Component Density/ Molar mass/ Heat of formation/ Moles Volume Weight 
gem??? g mol ! kJ mol! (%) (%) 
Magnesium 1.74 24.305 0 1 12.32 9.25 
Potassium perchlorate 2.52 138.55 —432 1 48.48 52.71 
Polytetrafluoroethylene 195° 100.016 —809 1 39.20 38.05 


* The theoretical maximum density (TMD) for such a composition is 2.32 g cm. ° Ref. 3. 


Journal of Pyrotechnics, Issue 24, Winter 2006 Page 11 


shows combustion of the pelletized material. 
Figure 2 shows combustion of unconsolidated 
bulk material. 


The color of the spark streaks, changing from 
orange after ejection to dazzling white upon 
explosion, calls for a delayed combustion not 
typical for pure magnesium.’ The crackling of this 
composition — occurring more loudly if the loose 
powder is ignited — is a series of intermittent small 
explosions, clearly distinguished from the general 
fizzing sound of the pyrolant combustion flames 
such as Mg/KCIO, and Mg/PTFE. 


In order to elucidate the reaction mechanism 
a series of DSC and DTG experiments with the 
original composition and the corresponding 
binary mixtures were conducted. The DSC 
experiments were conducted with ~5 mg samples 
in a Mettler DSC 30 at 10 K min ' heating rate 
under air in open 40 pl aluminum pans. The DTG 
experiments were carried out with a Mettler TG 
50 at 10 K min’ under air in 40 pl open alumina 
(A1,03) crucibles. 


The ternary composition (Mg/KCIO,/(C,F,),,) 
displays two endothermic signals at 306 and 
329 °C (Figure 3) which can be assigned to the 
phase transition of KCIO, and fusion of PTFE 
respectively (lit: pts) (KC1O4): 299 °C, mperrpy: 
328 °C). The onset for the main reaction is at 
490 °C and it has a sharp maximum at 545 °C. 
A second broad exothermic event has its peak at 
560 °C. 


Figure 1. Combustion of pelletized material. 


Page 12 


Figure 2. Combustion of bulk pyrolant. 


Investigation of Mg/PTFE reveals an endotherm 
at 328 °C, a broad exothermic signal with onset 
at 480 °C, several shoulders and a mean peak 
at ~560 °C (Figure 4). This is the pre-ignition 
reaction of the Mg/PTFE system followed by 
oxidative decomposition of PTFE as has been 
shown by both Griffiths® and Koch.° 


The binary potassium perchlorate and polytetra- 
fluoroethylene system again shows two known 
endotherms at 308 and 329 °C. Now there are two 
clearly separated exothermic peaks, a doublet-like 
one at 573 °C and a sharp one at 582 °C (Figure 5). 
A reaction in accordance with equation 4 calling 
for evolution of chlorine fluoride, CIF, is very 
likely since the DSC pan was heavily corroded, as 
is depicted in Figure 6. The left pan is a new one, 
the middle pan is from the original composition 
and the pan to the right is from PTFE/KCIO,. 
The DTG diagram shows stepwise evolution of 
gaseous reaction products at both 582 and 608 °C 
(Figure 7). 


The DSC of Mg/KCIO, now shows, besides the 
phase transition of KCIO, at 308 °C, onset of a 
first exothermic reaction at 489 °C with a peak at 
511 °C followed by a steep decline in temperature 
which is obviously due to melting of KCIO, and 
an adjacent exothermal event still in progress at 
600 °C (Figure 8). This is in good accord with 
investigations carried out by Freeman.’ 


Whereas PTFE/KCIO, (1 : 1) does not ignite, Mg/ 
KCIO, in the given molar proportions (1 : 1) gives 
a white erratic burning flame, and finally Mg/ 
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Figure 3. DSC plot of ternary composition. 
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Figure 4. DSC plot of Mg/PTFE. 
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Diehl GmbH: DMS-EM 
Figure 5. DSC plot of PTFE/KCIO,. 


PTFE (1 : 1) burns also with an erratic flame. 


Jennings-White quite recently in his review on 
strobe chemistry divided oscillating reactions into 
two stages: one being the flash/audible stage and 
one being the smolder/dark phase.* 


In view of this a series of reactions can be 
tentatively formulated to explain the observed 
crackling effect of the ternary system Mg/KCIO,/ 


(CF 4)». 
The flash reaction is probably the initial step 
Mg, + KClO4,) > MgO@) + KCla) 

+ 1.5 0, + 605 kJ (2) 
yielding both heat and surplus oxygen available 


Figure 6. DSC pans. 
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for further oxidation reactions 


The following reaction probably acts as a delay 
element in consuming the heat to decompose the 
PTFE. 


nN 176 kJ a (CLF 4) ns) => 
(CaF 4) xa + ¥ CoF ae) (3) 


As PTFE melts at 327 °C it is assumed that this 
covers all the solid particles present in the mix. 
Thus it may act as a transient barrier between the 
reactants thus delaying the Mg/KCIO, reaction. 
When gasified it reacts with the oxygen provided 
from both the decomposition of the potassium 
perchlorate and the ambient air 


KCl + 1.5 O, + (C,F4)@ + ambient air > 
COF, + CO, + KF(, + 
%O,+CIF+462kJ (4) 
Finally Mg might react with liquid PTFE: 
Mg) + (CoF 4) > 
MgF 4) + :CF, + {C} +510 kJ (5) 


Ladouceur has pointed out that the oxidation 
kinetics and transport effects of fluorocarbons are 
much slower as compared to hydrocarbons,” thus 
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Figure 7: DTG plot of binary PTFE/KCIO4 


the delayed combustion of liquid PTFE can be 
explained. 


Thermochemical calculation with NASA CEA 
code!’ reveals an adiabatic combustion temperature 
of 2243 K. From the mole fractions of both O, and 
atomic chlorine and fluorine (Table 2) it is obvious 
that the composition provides a distinct surplus of 
oxidizing agents, a situation generally found in 
intermittent combustion systems. 


Although the above considerations do not allow for 
a precise elucidation of the crackling mechanism 
there are several hints as to what is actually 
happening: 

e Mg/KClO, reaction triggers ignition of the 


complete composition and acts as an “energetic 
sustainer” — (605 kJ). 


¢ PTFE acts as a heat sink to generally delay 
combustion of Mg/KCIO,. PTFE also yields a 
fluid coating on both Mg and KCIO, thereby 
also delaying reaction between Mg/KCIO,. 


e An orange flame of sparks calls for reaction 
between TFE and oxygen! — (462 kJ). 
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* Mg/(C3F4)nq particles are ejected from the 
combustion zone to finally yield dazzling 
white exploding sparks (MgF, formation) > 
(510 kJ). 


UV-VIS_ Spectroscopic investigations are in 
progress to reveal the chemical nature of both the 
sparks and sustaining reaction. 


Table 2 Calculated thermochemical properties of 
pyrolant applying NASA CEA.’ 


Species Molar fraction (%) 
CO, 30.769 
KF 16.575 
MgF x) 16.447 
Cl 13.932 
F 11.788 
COF, 2.570 
O, 2.121 
CO 1.692 
CIF 1.342 
MgF 4. 1.038 
KCl) 0.856 
Cl, 0.687 
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Figure 8. DSC plot of binary Mg/KCIO,. 
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Abstract: Spectra and color values of the light from LEDs and liquid colors were measured using the 
PMA-11C7473-36 spectrometer as a preliminary study of the color of firework flames. The light from LEDs 
was stable and reproducibly measured. The color values of the light from LEDs did not vary with change 
in the exposure time of the spectrometer and the distance between the light and the incident point. The 
color values of the flames of liquid colors were less stable than those from LEDs owing to the flickering 
of the flame, but nearly constant with the change of exposure time and distance. The peak heights of the 
flame spectra of the liquid colors were proportional to the exposure time, but when the highest peak was 
saturated the proportionality changed. The red and yellow spectra of the liquid colors consisted of the 
single peaks from Li and Na atoms, respectively, with high excitation purity. The green and blue spectra 
consisted mainly of the molecular spectra of BO, and CuCl, respectively, with moderate excitation purity. 
The concentrations of the principal color emitters of the flames of alcohol colors were calculated using a 
computer program for chemical thermodynamics. 


Keywords: flame spectra, liquid colors, LED, spectroscopic measurement, thermodynamic modeling 


Introduction 


The objective of this work is to establish the 
measuring conditions for spectroscopy of the 
flames of liquid colors with the PMA-11C7473- 
36 spectrometer as a preliminary study of the 
spectroscopic measurement of colored firework 
flames. 


It has been known for a long time that flammable 
liquids containing certain color imparting materials 
give colored flames on burning in air. Weingart! 
reported that alcohol containing some compounds 
gives green, red, yellow or blue colored flames on 
burning in air. Shimizu’ preliminarily examined the 
flame color of copper using a gas burner. Jennings- 
White? described how lithium compounds show a 
beautiful scarlet color in gas or alcohol flames but 
not in a pyrotechnic flame. 


Jennings-White and Wilson* carried out a 
colored flame ball display using liquid color and 
a concussion apparatus as follows: certain color 
imparting materials were dissolved in about 
500 ml of methanol, and the formulation was 
poured directly over a 5 g charge of commercially 
available theatrical concussion powder which was 
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waterproofed and set in a concussion mortar. The 
charge was fired and the colored flame column 
emitted rose to a height of about 20 feet by 8 feet 
in width. 


Meyerriecks and Kosanke® introduced color 
imparting materials dissolved or suspended 
in water or other liquids into a propane gas 
burner, showed the flame spectra of the colored 
species formed and gave the calculated results 
on a chromaticity diagram. Yamamoto, Wada, 
Matsunaga et al.° obtained the reference spectrum 
of SrOH from the combustion flame spectrum of 
methanol containing Sr(NO3)>. 


The Saint Cross Co. Ltd. in Korea patented’ and 
sells the colored flame torch with a trade name of 
Magic Corona which is used in this work. 


The torch using liquid color burns for a longer 
time than ordinary fireworks and is a convenient 
tool for testing a spectroscopic instrument for 
fireworks. LEDs (Light Emitting Diodes) emit 
a stable light for a long time. We examined the 
performance of a spectroscopic instrument using 
liquid colors and LEDs. The excitation purity of 
color is regarded as an important color value in 
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fireworks.* We therefore paid particular attention 
to the excitation purity of the liquid color flame. 


Experimental 
Materials 


Red, green and blue LEDs of 6 mm in diameter 
were produced by Toshiba, Stanley Electric and 
Opto Supply Companies, Ltd., respectively. The 
oil colors are the products of the Saint Cross 
Company Ltd.’ The methanol and ethanol colors 
were prepared by the authors and compositions 
are listed in Table 1. 


Apparatus 


A Photonic Multichannel Analyzer PMA-1I1 
C7473-36 (Hamamatsu Photonics Co. Ltd.) was 
used. The spectrometer is composed of an optical 
fiber for light intake, photo detector, spectroscope, 
basic software and data analyzer. The analyzer 
automatically calculates and records the spectrum 
and the excitation purity of the incident color. 


Table 1. Compositions of alcohol colors. 


No. Alcohol Ingredient 

1 Methanol 100 ml = LiCl 0.10 g 

2 Methanol 100 ml NaNO; 0.10¢ 

3 Methanol 100 ml H;BO; 4.0 g 

4 Methanol 100 ml CuCl, 1.0 g, CHCl, 
5 Ethanol 100 ml LiCl 0.10 g 

6 Ethanol 100 ml NaNO; 0.10 g 

7 Ethanol 100 ml H;BO; 4.0 g 

8 Ethanol 100 ml i C 1.0 g, CHCI; 


“SiGe computer 


Figure 1. Setup of spectroscopic measurement system. 
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Optical fiber 


Sample 
Optical fiber 
ea - 


The three filters used are products of NELLES 
GRIOT: 03FNQ099 (D = 0.5), 057 (D = 1.0) and 
065 (D = 2.0). 


Procedure 


An LED was put on a base plate and placed in front 
of the tip of the optical fiber of the spectrometer. 
A liquid color was poured into the container of a 
commercial alcohol lamp and burnt using a wick. 
The distance between the center of the emitter 
and the tip of the optical fiber was fixed or varied 
according to the object of the measurement. 


At first, the measuring conditions such as the 
sensitivity, the exposure time, and the averaging 
repetition of the instrument were set, the dark 
electric current was corrected in the dark room, 
and then the LED was switched on or the liquid 
lamp ignited. The setup of the spectroscopic 
measurement system is shown in Figure 1. 


Results and Discussion 
Spectra of LED and liquid colors 


Emission spectra and LED chromaticity are shown 
in Figure 2. The excitation purities of spectra of 
the red and green LEDs were nearly 100%. That 
of the blue LED was about 90%. The spectra of 
the red, green and blue LEDs tested have a single 
peak each as shown in Figure 2. 


Figure 3 shows the emission spectra of the red, 
yellow, green and blue flames of the methanol 
colors. The spectra of the ethanol and oil colors 
were similar to those of the methanol colors except 
for excitation purity and base line. 


LED Sample 


—> 
DC electric source 


Hold 


Hold 
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Figure 2. Spectra and excitation purity of LEDs. 


The main peak of the spectrum of the red methanol 
color is the lithium atom line spectrum. The 
second peak is the contaminated sodium atom line 
spectrum. In the ethanol color flame base line drift 
is observed in the higher wavelength region which 
may come from the incandescent emission of the 
solid combustion products of ethanol. As the result 
the excitation purity of the flame of an ethanol 
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color is lower than that of the corresponding 
methanol color. 


The main peak of the yellow methanol color is 
the sodium atom line spectrum and the second 
peak is that of the contaminated potassium atom 
line spectrum. The baseline drift is common to 
the ethanol color. The highest sharp peak of the 
green spectrum of the methanol color flame using 
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Figure 3. Spectra and excitation purity of the methanol color flames. 


boric acid is the contaminated sodium atom line 
spectrum. The broad band spectrum with 517, 
547 and 578 nm and other peaks is the molecular 
spectrum of BO).” 


The highest sharp peak of the spectrum of the blue 
methanol color flame using CuCl, and CHCl, is 
also the line spectrum of the sodium atom, the 
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second that of the potassium atom. The band 
spectrum from 412 nm to 552 nm was assigned to 
CuCl. 


The spectra of the flames of the red and yellow 
oil colors are very similar to those of the red 
and yellow methanol colors suggesting that the 
emitters of the oil and methanol colors are same. 
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The excitation purities of both colors are similar 
and higher than the corresponding ethanol color. 
In the oil color spectra, no drift was observed in 
the baseline as shown in the spectra of the flame 
of the ethanol colors. 


Figure 4 shows the chromaticity diagrams of the 
flames of ethanol and oil colors. The excitation 
purity of an oil color was higher than that of 
corresponding ethanol color. 


Reproducibility of excitation purity 


In order to examine the reproducibility of the 
observed excitation purity data, the experiments 
were repeated five times under the same conditions. 
The results are shown in Figure 5. The circles 
are averaged values and the ends of the lines are 
the extreme values. The scatter of the observed 
values does not necessarily decrease as the times 
of averaging repetition increase. The averaging 
repetition here is the repetition times of exposure 
in the spectrometer for averaging. This result may 
be attributable to the flickering of the flame. On 
the other hand, the average experimental values of 
excitation purity approach a constant value with 
increase of averaging repetition. 


Green EtOH. 


Yellow EtOH 


Red EtOH 


Figure 4. Chromaticity diagrams of ethanol and 
oil colors. 
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Figure 5. Plot of excitation purity vs. averaging 
repetition. 


Effect of exposure time on excitation 
purity 


The PMA-11C7473-36 is a highly sensitive 
spectrometer and the peaks of the recorded 
spectrum saturate easily in the experiments. The 
distance between the emitter and point of incidence 
is limited when saturation is avoided. In order to 
know the effect of the saturation, the effect of the 
exposure time on the excitation purity and the 
peak height was examined. 


Figure 6 shows the plot of excitation purity against 
exposure time for the LED and liquid colors. The 
excitation purities of LED and liquid colors were 
nearly constant in the range of the scatter with the 
increase of exposure time even when the highest 
peak saturated. 


Effect of exposure time on peak 
height 


The peak heights of the emission spectra of LEDs 
and the liquid color flames were measured with 
different exposure times. Plots of peak heights of 
the LED spectra are shown in Figure 7. The peak 
heights were linearly proportional to the exposure 
time without scatter. The 547 nm peak height of 
the BO, band spectrum was nearly proportional 
to the exposure time as shown in Figure 8. In this 
case no saturation of the Na peak was observed, 
but some scatter was observed compared with the 
LED case. The situation was similar in the ethanol 
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Figure 6. Plot of excitation purity vs. exposure 


time. 
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Figure 7. Plot of peak height vs. exposure time 
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Figure 8. Plot of 547 nm BO, height vs. 
exposure time for green methanol color. 


547nm BO2 peak height(counts) 


30000 


25000 


20000 


15000 


10000 


5000 


. 
. 
7 @ Ethanol color 
A Oil color 
. A a 
A 
A 
& 
50 100 150 
Exposure time (ms) 


Figure 9. Plot of 547 nm BO, peak vs. exposure 
time for green alcohol color. 
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and oil colors except that the oil color line deviated 
from zero as shown in Figure 9. 


Effect of the distance between the emitter and 
the sensor on the excitation purity and the 
peak height 


The plot of excitation purity against the distance 
between the emitter and the sensor is shown in 
Figure 10 for a red LED. The excitation purity did 
not change with distance. The scatter of the purity 
was small because of the stable light emission of 
the LED. The plot of counts of the peak height for 
the red LED against the distance is also shown in 
Figure 10 indicating that the counts decrease with 
the distance. The peak height (A) is proportional to 
the illuminance at the sensor and the illuminance 
is related to the luminous intensity of the emitter 
provided the emitter is a point:!' 


Luminous intensity = illuminance x distance (d)” 
=hx& 


h x a@ is also plotted against d in Figure 10. h x d’ 
increased with d probably because the LED is not 
a point in the range of the measurement. h x d* 
looks like approaching a constant value when d 
increases further. 


Figure 11 shows the plot of the excitation purity, 
peak height (h) and h x d for the green methanol 
color. The plot of excitation purity against 
distance has a larger scatter for the flame of the 
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Figure 10. Plot of excitation purity, peak height 
(h) and h x d’ vs. distance (d) for the red LED. 
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Figure 11. Plot of excitation purity, peak height 
(h) and h x d? vs. distance (d) for the green 
methanol color. 


green methanol color than that for the red LED, 
because the LED emits stable light, but the flame 
is flickering and inhomogeneous. The height of 
the 547 nm BO, peak of the green flame decreased 
with the distance. h x d* increased and approached 
a constant value with increasing distance at a much 
greater distance than for LED, because the volume 
of the torch flame is much larger than the LED 
emitter. 


Thermodynamic analysis 


The thermodynamic calculations were performed 
by several authors®!*"'4 for investigating the 
emitter concentrations in the flame of firework 
compositions. A thermodynamic calculation 
was performed using a NASA program'® for 
calculating the emitter concentrations in the 
methanol colors and the adiabatic combustion 
temperatures of the solutions. Figure 12 shows the 
adiabatic temperature of the flames of the methanol 
colors against the air/methanol solution ratio. The 
temperature profiles of the red, yellow and green 
colors were very similar because the solutes in 
the methanol were in small proportions and the 
effect of the solutes on the heat of combustion of 
the solutions was low. The temperature of the blue 
color was different from those of the other colors. 
This may be attributable to the relatively high 
concentration of chloroform in the solution. 
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Figure 12. Plot of adiabatic temperature air/ 
methanol solution (wt/wt). 


The mol fractions of principal emitters of flames 
of methanol colors are listed in Table 2 and shown 
in Figure 13 against the air/methanol solution 
ratio. The concentrations of Li and BO, which are 
the principal emitters!’ of red and green colored 
flames were small when the air/methanol solution 
ratio was small, and increased with the increase 
of the ratio and reached maxima. This means that 
the red and green colors are more intense at higher 
temperatures in the flame. 


On the other hand, the concentrations of Na and 
CuCl which are the principal emitters’ of yellow 
and blue flames did not change greatly with the 
change in air/methanol solution ratio. This means 
that the intensities of these colors do not change 
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Figure 13. Plot of mole fractions of principal 
emitters vs. air/methanol solution (wt/wt). 
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greatly with the change of temperature of the 
flame. 


The spectrum of the red methanol color consists 
of a Li atom line peak along with a small 
contamination from a Na atom line peak and the 
excitation purity of the color was over 90% as 
shown in Figure 3. The other emitters were not 
found in the observed spectrum. In the calculated 
equilibrium products, several lithium containing 
compounds such as LiCl and LiOH appeared in 
larger concentrations than Li. LiCl and LiOH may 
be weaker emitters than Li. 


The spectrum of the yellow methanol color 
consists of a Na atom line peak along with the 
contaminating K peaks. No other peak was 
observed in the spectrum. NaOH appeared in the 
calculated products in comparable concentration 
with Na. NaOH may be also a weaker emitter than 
Na. 


HBO, and B,O; were formed according to the 
calculation in the green colored flame of B 
containing methanol in larger and comparable 
concentrations, respectively. No peak other than 
BO, was found in the spectrum of the flame of 
green methanol color. 


Preliminary test of filters 


The spectrometer PMA-11C7473-36 was a 
suitable instrument for measuring the spectra 
of the light and flame of LED and liquid colors. 
However it was expected that the spectrometer 
would be too sensitive to measure the spectra of 
firework flames and their compositions in the 
laboratory. As a measure to overcome this the use 
of attenuation filters was considered. Three pieces 
of attenuation filters were tested using red and 
blue LEDs as light emitters. Results are listed in 
Table 3. At the moment, the B, C and combined 
B and C filters may be useful for measuring the 
spectra of fireworks in the laboratory and the A 
filter not. 
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Table 2. Adiabatic temperature and concentration of species in the flame of methanol colors. 


Color Air/solution 
(wt/wt) 


2.0 


4.0 
Red 


6.0 


8.0 


2.0 


4.0 
Yellow 
6.0 


8.0 


2.0 


4.0 
Green 


6.0 


8.0 


2.0 
Blue 40 
6.0 
8.0 


Temperature/K 


1214 


1879 


2209 


2027 


1215 


1880 


2209 


2027 


1242 


1888 


2196 


1955 


1376 
2022 
2144 
1845 
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Species Concentration 
(mole fraction) 
a 6.7 x 10° 
Licl iad 
LiOH 21x 10° 
Li 1.6 x 10° 
Licl ae 
LiOH 1.1% 107 
Li 1.8 x 10° 
LiCl 9.2 x 10° 
LiOH 1.1% 107 
Li 1.7.x 107 
Licl 12 10° 
LiOH 8.3 x 10° 
Na 6.7x 10° 
NaOH 3.1.x 10° 
Na 5.8x 10° 
NaOH 15x 10° 
a 3.8 x 10° 
NaOH 19x 10° 
Na 1.2 x 10° 
NaOH 3.3 x 10°5 
By 58% 10" 
B,O; 3.0 x 10° 
HBO, 5.1 x 104 
BO, 3.6x 10° 
B,03 3.2.x 10°° 
HBO, 3.9 x 103 
BO, 1.0 x 10 
B,03 2.8 x 10° 
HBO, 2.9 x 103 
BO, 74x 10° 
B,O; 1.6 x 10° 
HBO, 23103 
CuCl 9.16 x 10° 
CuCl 2.85 x 104 
CuCl 2.64 x 10-4 
CuCl 2.42 x 10-4 
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Table 3. Test results of three filters. Test conditions: sensitivity low, distance 100 mm, exposure time 


20 ms and averaging 10 times. 


LED Electric current(mA) Filter Excitation purity (%) 


Red 3.00 No 100 
Red 3.00 A* 99 
Blue 1.20 No 94 
Blue 1.20 A* 93 
Blue 1.20 No 94 
Blue 1.20 B* 94 
Blue 1.20 C* 94 
Blue 1.20 B+C* 94 


Peak height (counts) Attenuation 
45151 
707 0.0157 
40614 
342 0.00840 
40549 
4558 0.112? 
13.955 0.344° 
1539 0.0380 


ax b=0.112 x 0.344 = 0.0385. * Filter A: O3FNQ065, D = 2.0. The excitation purity changed with the filter and 
the attenuations were different with different colors. Filter B: 03FNQ057, D = 1.0. The excitation purity did not 
change with the filter and the attenuations were same with different colors. Filter C: O3FNQ099, D = 0.5. The 
excitation purity did not change with the filter and the attenuations were same with different colors. Filter B + C: 
The excitation purity increased a little with the filters and attenuation was nearly the product of each attenuation of 


the B and C filters. 


Conclusions 


The spectra of light of three LEDs each showed a 
single peak and gave from 91 to 100% excitation 
purities. The principal color emitters of liquid 
colors were Li for red, Na for yellow, BO, for 
green and CuCl for blue, and the excitation purities 
of the colors were 90%, 96%, 75% and 65% in 
the methanol colors, respectively. The torch 
flame of liquid colors flickers and gives scatter 
in the observed data. The error in measurement 
was small when the averaging repetition time 
of the spectrometer was more than 10 for the 
red methanol color. The exposure time had little 
influence on the excitation purities for LED light 
and liquid colors. The adiabatic temperature and 
the concentration of the principal emitters in the 
flame of the methanol colors were calculated. It 
was shown that the concentrations of Li and BO, 
were influenced by the air/solution ratio but those 
of Na and CuCl were not. 
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Spectroscopic Measurement of Burning Stars 
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Abstract: The spectroscopic measurement of burning stars has been carried out in order to examine the 
spectra of the stars, the peak intensity profiles of the spectra, the burning time and behavior, and the effect 
of filters on the attenuation of peak intensity and the excitation purity. 


Keywords: firework stars, spectroscopic measurement, burning time, emission spectra, three dimensional 
expression, peak intensity profile, excitation purity, filter 


Introduction 


Light emission and the beautiful colors of burning 
stars are important effects in fireworks. Shimizu' 
and Douda’ were pioneers in modern research 
into the colored flames of firework compositions. 
Subsequently the spectra of colored flames were 
studied in detail and assigned to the respective 
emitters by Meyerriecks and Kosanke* and 
others. Kosanke and Kosanke have published a 
comprehensive review on the chemistry of colored 
flames,’ and Ingram has carried out color purity 
measurements on traditional pyrotechnic star 
formulas.® 


The burning time and linear burning rate are also 
important characteristics of stars. The shape of 
a fire flower of stars in the sky depends on the 
burning time of the stars. A spherical shape is 
produced by stars with short burning times and a 
crown or willow shape with long burning times. 
The linear burning rate is also important for 
analyzing the exterior ballistics of burning stars. 


Preliminary work on the burning time and linear 
burning rate was done by Ooki et al.° and Higaki 
et al.° using a high-speed video camera and a 
pressure vessel. In the present work, spectroscopic 
measurement is carried out to study the spectra 
and burning characteristics of spherical stars. 
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Experimental 
Materials 


The firework spherical stars used in this work 
were supplied by Sunaga Fireworks Co. Ltd. All 
stars are coated with prime for promoting ignition 
of the star composition. 


Apparatus 


The spectrometer PMA-11C5966-31 is a product 
of Hamamatu Photonics Co. Ltd. The spectrometer 
is composed of an optical fiber for light intake, 
photodetector, spectroscope, basic software 
and data analyzer. The analyzer automatically 
calculates and records the spectrum, the respective 
peak wavelength and intensity, the excitation 
purity, and so on. 


The spectrometer is equipped with following 
functions: exposure time from 20 ms to 32767 ms, 
averaging repetition from 1 to 32767 times, 
exposure repetition from 1 to 32767 times, and 
sensitivity low and high. The dark electric current 
can be corrected for removing background noise. 


The analyzer can print out the emission spectrum 
at a specified time, the peak intensity profile at a 
specified wavelength and the three dimensional 
picture of the spectrum with time. 
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Optical fiber 


Spectrometer n 


PC computer 


Figure 1. Setup of measurement system. 


The two filters used are products of NELLES 
GRIOT: 03FNQ099 (D = 0.5) and 057 (D= 1.0) 
with attenuation ratios of 0.344 and 0.112, 
respectively.’ 


Procedure 


The setup of the spectroscopic measuring system 
is shown in Figure 1. A star is placed on a heat 
resistant brick in a draft chamber and ignited by 
a torch burner. The tip of the optical fiber of the 
spectrometer is placed at 2.0 m or 4.0 m from the 
star. The power sources of the spectrometer and the 
PC are switched on successively. The measurement 
conditions such as instrument sensitivity, exposure 
time, averaging repetition numbers and exposure 
repetition are set and the dark electric current 
is measured. The spectrometer measurement is 
started with the ignition of the star. 


Results and Discussion 
Summary of experimental results 


The experimental results are listed in Table 1 and 
Table 2. 


Examples of three dimensional pictures and 
peak intensity profiles of emission spectra 


Examples of the three dimensional pictures of the 
emission spectra of stars for ano. 5 shell are shown 
in Figure 2. We can easily determine the outline of 
the spectrum and the progress of events from the 
pictures. In the cases of the stars tested, the peak 
of incandescent emission was large compared to 
the other peaks which were due to specific color 
emissions. Each peak in the color spectrum was 
broad compared to that observed in the flame from 
liquid color.’ 
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The highest peaks of the color spectra were 
assigned to SrCl (667 nm) for red, Na (587 nm) 
for yellow, BaCl (520 nm) for green and CuCl 
(440 nm) for blue.’ The spectra of the other colors 
were mixtures of the above-mentioned spectra. 
The silver color was composed of larger K and 
incandescent, and smaller Na emissions. 


Examples of peak intensity profiles of the emission 
spectra are shown in Figure 3. The wavelength of 
the specific color peak was chosen, but for some 
stars the K peak was used because the intensity of 
the specific color peak was too small compared to 
the K peak and inaccurate. The intensity increases 
sharply at first, reaches a maximum and then 
decreases slowly. The sharp initial increase may 
correspond to the spread of the fire over the surface 
of the star and the slow decrease to the decrease 
in the diameter of the spherical star. The profiles 
are not smooth but irregular, probably because of 
fluctuating burning on the star surface. 


Effect of prime on the intensity profile 


Ordinary stars are composed of color composition 
and prime which covers the color composition in 
order to promote the ignition of the composition. 
The burning time of a star is the sum of those of 
the prime and the composition. 


The effect of the prime appears in the pressure 
profile in the burning of a star in a pressure vessel°® 
and the emission spectrum of a burning star as 
shown in the present work. In the pressure profile 
ofa burning star in a closed vessel, a sharp pressure 
rise owing to the combustion of the prime appears 
in the initial stage of the burning, then the pressure 
drops a little followed by a moderate pressure 
peak owing to the combustion of the main color 
composition. 
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Table 1. Experimental conditions and burning time of stars. 


Sample star ae ae a 
No. 2 Silver willow 9.454 20 ms*5Av*60 2 None 2.10 
No. 2 Green peony 9.710 20 ms*5Av*60 2 None 2.00 
No. 2 Yellow spangles 10.250 20 ms*200 2 None 1.44 
No. 2 Yellow peony 10.127 20 ms*200 2 None 1.62 
No. 2 Silver peony 10.746 20 ms*200 2 None 0.76 
No. 2 Silver crown 10.099 20 ms*200 2 None 2.04 
No. 2.5 Silver willow 11.392 20 ms*200 2 None 2.66 
No. 2.5 Green peony 10.558 20 ms*200 2 None 2.00 
No. 2.5 Yellow spangles 10.490 20 ms*200 2 None 1.30 
No. 2.5 Red peony 10.815 20 ms*200 2 None 2.08 
No. 2.5 Green peony 10.694 20 ms*200 2 None 2.48 
No. 3 Green peony 11.352 20 ms*200 4 None 2.28 
11.548 20 ms*300 2 1+0.5 2.38 
No. 3 Yellow spangles 11.457 20 ms*200 2 None 1.38 
11.517 20 ms*300 4 1+0.5 1.48 
No. 3 Silver peony 12.302 20 ms*200 2 None 0.94 
11.533 20 ms*300 4 1+0.5 0.82 
No. 3 Red peony 12.362 20 ms*200 2 None 2.38 
11.362 20 ms*300 4 1+0.5 2.38 
No. 3 Pink peony 12.287 20 ms*200 2 None 1.88 
11.735 20 ms*300 4 1+0.5 1.78 
No. 3 Blue peony 11.954 20 ms*200 2 None 2.26 
11.822 20 ms*300 4 1+0.5 2.24 
No. 3 Light blue peony 11.538 20 ms*200 2 None 1.40 
12.489 20 ms*300 4 1+0.5 1.98 
No. 3 Purple peony 11.619 20 ms*200 2 None 1.82 
12.045 20 ms*300 4 1+0.5 1.98 
No. 3 Silver crown 11.865 20 ms*200 2 None 2.74 
12.273 20 ms*300 4 1+0.5 3.00 
No. 4 Green peony 13.259 20 ms*200 4 1 1.98 
No. 4 Yellow spangles 13.563 20 ms*200 - 1 1.18 
No. 4 Silver peony 13.383 20 ms*200 4 1 0.98 
No. 4 Red peony 13.916 20 ms*200 4 1 2.56 
No. 4 Purple peony 13.059 20 ms*200 + 1 2.06 
No. 4 Silver crown 13.316 20 ms*200 + 1 2.78 
No. 5 Silver willow 14.486 20 ms*300 + 1+0.5 4.24 
No. 5 Green peony 14.530 20 ms*300 + 1+0.5 3.18 
No. 5 Yellow spangles 14.553 20 ms*300 4 1+0.5 1.86 
No. 5 Red peony 14.493 20 ms*300 4 1+0.5 3.04 
No. 5 Blue peony 13.461 20 ms*300 4 1+0.5 2.70 
No. 5 Light blue peony 14.676 20 ms*300 4 1+0.5 1.94 
No. 5 Purple peony 14.553 20 ms*300 a 1+0.5 2.36 
No. 5 Silver crown 14.784 20 ms*300 4 1+0.5 3.18 
“No. 2, No. 2.5, No. 3, No. 4 and No. 5 are the stars used for no. 2 shells, no. 2.5, no. 3, no. 4 and no. 5 shells, 


respectively. ’ Experimental condition: exposure time*(averaging repetition)*exposure repetition. ‘None is no 
filter, 1 is the filter with D = 1.0, and 0.5 is the filter with D = 0.5. 
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Table 2. Experimental results of emission spectra of burning stars. 


Peak (1) Peak (2) Peak (3) Recital 
Sample star Intensit Intensit Intensit er 
A/nm y A/nm y A/nm y Pury 
counts counts counts 
No. 2 Green peony 378 6165 520 62577 
586 19191 (766) PS* 54 
No. 2 Silver willow 588 34182 693 50944 (766) PS* 
No. 2 Yellow spangles 588 58686 (766) PS* 82 
No. 2 Yellow peony 588 41654 (766) PS* 84 
No. 2 Silver peony 768 94838 42 
No. 2 Silver crown 586 (766)  PS* 17 
No. 2.5 Silver willow 586 66850 (766) PS* 26 
No. 2.5 Silver peony 520 123846 586 43730 (766) PS* 42 
No. 2.5 Yellow spangles 588 46304 (766) PS* 81 
No. 2.5 Red peony 639 142275 (766)  PS* 80 
No. 2.5 Silver crown 588 50000 (766)  PS* 29 
No. 3 Green peony 518 32386 586 16919 (766) PS* 53 
517 1363 586 849 766 23173 45 
No. 3 Yellow spangles 588 60350 (766)  PS* 81 
588 1996 765 10496 78 
No. 3 Silver peony 586 81376 (766) PS* 19 
587 4437 766 96104 34 
No. 3 Red peony 586 9242 603 14308 
638 53107 664 118810 (766) PS* 84 
667 6656 766 15264 81 
No. 3 Pink peony 586 3381 603 4581 630 11425 
638 11827 667 28136 (766) PS* 62 
44] 378 587 784 602 1193 
631 2838 639 3049 657 5611 
667 7108 766 7108 56 
No. 3 Blue peony 448 4147 586 4348 766 149964 4 
44] 285 543 282 589 260 
766 7832 1 
No. 3 Light blue peony 380 7102 446 27811 518 60379 
586 39367 (766)  PS* 16 
447 1418 519 3334 586 2020 
766 37058 19 
No. 3 Purple peony 438 2042 587 3873 603 4040 
631 10249 637 10033 656 20906 
668 26608 766 129456 44 
438 386 586 351 603 373 
630 1363 639 1399 656 2599 
666 3332 766 10800 43 
No. 3 Silver crown 586 20025 (766) PS* 40 
585 1391 692 2081 766 21604 21 


“PS: Peak saturated. 
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Table 2 continued. Experimental results of emission spectra of burning stars. 


Snptoiate Peak _ - Peak (2) — Peak = — Eacinition 
A/nm ener) A/nm Se A/nm sere ae ce 
No. 4 Green peony 519 5263 586 2899 766 74658 48 
No. 4 Yellow spangles 587 9350 767 45888 78 
No. 4 Silver peony 586 20660 (766) PS* 36 
No. 4 Red peony 586 2334 603 3729 630 12341 
638 12708 659 23712 667 30139 
766 75570 83 
No. 4 Purple peony 441 742 585 871 605 999 
631 3569 837 3583 656 6850 
667 8609 765 26423 44 
No. 4 Silver crown 586 8692 768 111806 26 
No. 5 Silver willow 586 3527 769 40493 30 
No. 5 Green peony 520 1211 586 827 766 26615 46 
No. 5 Yellow spangles 588 3087 767 16936 76 
No. 5 Red peony 588 712 603 1021 631 3266 
638 3266 657 6550 667 8279 
766 24162 81 
No. 5 Blue peony 444 255 542 273 586 263 
767 7918 5 
No. 5 Light blue peony 441 1327 523 2511 586 1886 
767 43721 16 
No. 5 Purple peony 437 367 587 383 667 3422 
767 12145 42 
No. 5 Silver crown 586 2348 767 31605 31 


“PS: Peak saturated. 


The spectrum of the color composition and the 
prime of a star are different and therefore the 
combustion of the composition and the prime can be 
differentiated. The main peak of both composition 
and prime is the incandescent emission peak. The 
color composition has a color spectrum, but the 
prime does not. 


In the first stage of a star burning, the incandescent 
peak appears and the color peak or peaks do 
not. After few moments, a color peak begins to 
appear. In the prime, a small amount of sodium is 
a contaminant. But the amount of contaminating 
sodium is much less than that of the yellow 
color composition, so there is no problem 
in differentiating the spectra of the yellow 
composition and the prime. 


An example of plot of the intensity of incandescent 
(766 nm) and color (520 nm) peaks against time is 
shown in Figure 4. It can be seen that the start times 
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of both peaks are different. The incandescent peak 
appears first. The intensity of the 766 nm peak 
increases at first showing that the fire spreads over 
the surface of the prime, then the 520 nm peak 
intensity starts to increase showing that the color 
composition ignites from the prime combustion. 
Then both peaks reach maxima and decrease with 
time showing that the burning surface of the color 
composition decreases in the course of combustion 
with time. 


Excitation purity: reproducibility and 
dependency on combustion time 

The excitation purity of the flame color of a star 
is important for evaluating the star. The available 


statistical values of the excitation purities are listed 
in Table 3 for some stars. 


The time dependence of the excitation purity 
is shown in Figure 5. The initial increase of the 
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Figure 2. Three dimensional pictures of emission spectra of burning stars. 
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Figure 2 continued. 7hree dimensional pictures of emission spectra of burning stars. 
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Figure 5. Plot of excitation purity vs. time. 


purity corresponds to the flame spreading over 
the surface of the prime showing that the purity 
increases with the luminescence intensity of the 
incandescent emission. 


Burning time against type and diameter of 
stars 


The burning time is one of important properties 
of firework stars. The shape of a fire flower of 
burning stars depends on the speed of ejection 
from the shell and the burning time of the stars. 
The stationary and moving burning times of stars 
were measured previously using a high-speed 
video camera.~° 


In this work, the stationary burming time of 
stars was measured using a PMA-11C5966-31 
spectrometer. The results are listed and shown in 
Table | and Figure 6, respectively. 


Though there is some scatter in the measured 
burning time, the burning time increases with 
increasing star diameter. If the linear burning rate 
ofa star is assumed constant during the combustion, 
the burning time will be proportional to the 
diameter of the star. The average linear burning 
rate (r) can be estimated from the diameter (d) of 
a star and the burning time (f) using the following 
equation: 


r=d/t 


Average linear burning rates from this work are 
listed in Table 4. 


Effect of filter 


The intensities of emission of the stars used in this 
work were so strong that the most intense peaks 
of incandescence were often saturated. Two filters 
were used to avoid this difficulty. The performance 
of the filters was determined by comparing the 
peak intensities with and without filters. The 


Table 3. Statistical values of excitation purity for some stars. 


Star Number of tests (7) Mean (%) 
Green peony 6 48 
Yellow spangles 6 79 
Silver peony 4 33 
Silver crown 6 27 
Red peony 5 82 
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Standard deviation (%) Relative standard 


deviation 
4.9 0.10 
2.5 0.03 
9.5 0.29 
8.0 0.29 
i 0.02 
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Table 4. Average linear burning rate of stars. 


Star Average burning rate/mm s ' 
Silver peony 14.3 

Yellow spangles 7.7 

Light blue peony 7.1 


Pink peony 6.7 
Purple peony 6.1 
Red peony 5.3 
Green peony 5.1 
Silver crown 5 

Silver willow 3.6 


results are listed in Table 5. The attenuations 
achieved by combining two filters ((D = 1.0) + 
(D = 0.5)) were 0.05 and higher. The attenuation 
of the green, yellow, silver, red, blue and light blue 
peonies was about 0.05. The other stars showed 
higher attenuation. At the moment, the reason for 
the difference is not clear and a subject for study 


in the future. 


The change in the excitation purity by the filters is 
not so large for the green, yellow, red, pink, light 
blue and purple peonies, but large for the silver 
peony, blue peony and silver crown. 


Conclusions 


The burning time, peak spectral intensity and 
excitation purity of burning commercial firework 
stars were measured using a spectrometer. The 
burning time varied with the type and diameter of 
the stars. The intensity of the specific peaks of the 
emission spectrum changed with time, and showed 
fluctuation probably owing to the fluctuating 
burning at the star surface. 


The effect of the prime coating the star surface 
was shown in the intensity profile of the K and 
visible color peaks. The 766 nm K peak appeared 
in the first stage of the star burning corresponding 
to the combustion of the prime and the visible 
colored flame peak appeared later. The excitation 


Table 5. Peak intensities and excitation purities with and without filters for no. 3 stars. 


Filter 
Star A/nm None 
Green peony 518 32386 
586 16919 
Yellow spangles 588 60350 
Silver peony 586 81376 
Red peony 664 118810 
Pink peony 586 3381 
630 11425 
638 11827 
667 28136 
Blue peony 448 4147 
586 4348 
766 149964 
Light blue peony 446 27811 
518 60379 
586 39367 
Purple peony 631 10249 
637 10033 
656 20906 
668 26608 
766 129456 
Silver crown 586 20025 
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10105 Attenuation soir +0.5) 
1363 0.042 45/53 
845 0.050 

3087 0.051 78/81 
4437 0.055 34/19 
6656 0.056 81/84 
784 0.232 56/62 
2838 0.248 

3049 0.258 

7108 0.253 

285 0.069 1.2/4.5 
260 0.060 

7832 0.050 

1418 0.051 19/16 
3334 0.055 

2020 0.051 

1363 0.133 43/44 
1399 0.139 

2599 0.124 

3331 0.125 

10800 0.083 

1391 0.069 40/21 
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Figure 6. Plot of burning time vs. diameter of 
stars. 


purity of the star flame was higher in the yellow 
and red stars and lower in the silver stars. The 
relative standard deviation of the excitation purity 
was smaller in the yellow and red stars and larger 
in the silver stars. The effect of the filter changed 
with the type of stars. 
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The Search For The Glitter Phenomenon 


John Wraige 
Rosemundy, Leigh Road, Hildenborough, Kent, UK TN11 9AH 


Abstract: This report presents the results of experiments carried out spasmodically over 14 years to 
investigate the glitter phenomenon. Various glitter compositions are disclosed. Some of these show 
that the use of sulphur in either elemental or combined form is unnecessary. Others show that similar 
considerations apply to antimony or any other heavy metal. It is further shown that the potassium ion may 
be replaced by either the caesium, rubidium, or sodium ion. Speculative broad mechanisms involved in the 


production of the glitter effect are discussed. 


Keywords: Fireworks, glitter, sulphur-free, nitrate, metals, nitro-compounds 


Introduction 


The earliest publication known to the author 
describing a formula for producing the effect now 
known as “glitter” is that published as British 
Patent number 1508 for the year 1901 granted 
to Frederick James Bishop who lived in the 
county of Gloucestershire in England. Frederick 
Bishop’s invention was “for producing a new 
kind of sparkling fires to be used in pyrotechny 
for designs, set pieces, and other purposes’. The 
formula described in the patent document is laid 
out with variable proportions as follows: 


Gunpowder 10-20 parts 
Black sulphuret of antimony 3-9 parts 

(antimony trisulphide) 
Sulphur 2-6 parts 


Aluminium 0.5—3 parts 


After mixing, a composition was to be loaded 
into cases or dampened and made into pellets or 
stars. Since the date of this invention, fireworks 
producing glitter effects have become popular and 
widely used. There are now many compositions 
in use. They all seem to have as their core the 
components listed in Frederick Bishop’s invention 
with the exception that sulphur in addition to that 
contained in the gunpowder is not always present 
and the gunpowder can be found, either completely 
or in part, as its ingredients rather than as an 
incorporated whole. Also, the aluminium can be 
present as an alloy with magnesium. Sometimes, 
the antimony trisulphide has been replaced in part 
by one of the arsenic sulphides. Barium nitrate has 
been included as a replacement for some of the 
potassium nitrate. Additions of substances such as 
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sodium oxalate to produce a yellow glitter or the 
carbonates and oxalates of strontium and barium 
to control burning rate and glitter formation are 
frequently found. Other additives crop up here and 
there. Whatever modifications have been made, 
however, it seems that the essence of Frederick 
Bishop’s invention can always be found in the 
practice of producing the glitter effect. Consequent 
to this is the fact that sulphur in some form is 
always present as an ingredient. In fact it is now 
part of firework lore that sulphur is essential to 
the production of the glitter effect. No verifiable 


Figure 1. Glitter effect. 
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technical reason seems ever to have been presented 
as to why sulphur is essential; it is just one of those 
things which is known to be true. 


In 1958, the author, purely for personal interest, 
began experiments to try to establish the reason 
for the glitter effect. Because this task was not 
driven by anything but mild curiosity, it was done 
only when spare time was available for it. In the 
event the work proceeded very spasmodically 
over a period spanning 14 years. The original aim 
went unrealised but some interesting facts were 
unearthed which belatedly are described below. 
Some of these facts have a bearing on the subject 
of the need for sulphur. 


Initial Investigations 


Observation of glitter fireworks when they were 
burning suggested that the effect was arising 
from particles travelling through the air which 
then burst with instantaneous production of light. 
The bursts were often associated with a slight 
“ploppy” sound and a thin white smoke. It was felt 
that the light could be arising from either intense 
reactions in the particles or combustion of a metal 
vapour escaping rapidly from the particles as they 
travelled through the air. 


In order to investigate these possibilities, small 
glitter fountains made from potassium nitrate, 
sulphur, charcoal, antimony sulphide, and 
aluminium were burnt in an observation chamber 
in which the air had been replaced by dry nitrogen. 
No glitter effect was produced but some glowing 
particles were seen travelling through the gas. 
This experiment showed that air was necessary 
for the glitter effect to develop and supported the 
proposition that the glitter effect is produced by 
burning metal vapour although it did not entirely 
rule out a mechanism based on intense reactions 
in the particles because oxygen or water vapour in 
the air could be a required reactant. However, in 
the end it was decided that burning metal vapour 
was the most likely cause because it seemed that 
the particles were rather small as they could be 
bounced off a water surface still to produce the 
glitter effect. It was felt that particles small enough 
to bounce off a water surface would not produce 
the size of light flash that was observed if the light 
was produced from intense reactions intrinsic to 
the particles. Potassium vapour was thought to be 
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the agent concerned on the grounds of the general 
appearance of the light which was the wrong 
colour for antimony and not bright enough, and 
also the wrong colour, for aluminium. 


Sulphur-free Glitter Compositions 


If the flashes of light were caused by burning 
potassium vapour it was not clear why sulphur 
needed to be present for the production of the 
glitter effect because potassium is easily produced 
from its carbonate or oxide by heating with carbon 
but not by heating with sulphur. Any of the obvious 
functions that sulphur might perform, either as an 
element or combined as antimony sulphide, could 
be done by other materials. 


Experiments aimed at producing sulphur-free 
glitter fireworks were started using mixtures of lead 
nitrate, potassium nitrate, and charcoal as the main 
energy source. Such mixtures were chosen because 
they were known to react vigorously and produce 
hot gases and molten residues which would be 
thrown into the air as a spray during combustion. 
Aluminium powder was added to these mixtures. 
It was thought that it would raise the temperature 
of the spray and might also, in conjunction with 
the charcoal, produce potassium by reduction of 
potassium compounds. Each material contained 
less than 0.01% sulphur. No glitter effects were 
produced using these materials. It was thought 
that it might be beneficial to introduce hydrogen 
into the main reacting system so that potassium 
hydroxide might arise which could then react with 
aluminium and charcoal to produce potassium. 
Dextrine was added for this purpose. This also 
produced no glitter effect but was useful for 
controlling the burning rate. At this stage it was 
thought that yet another material should be added 
which had the potential to promote the reduction 
of compounds such as potassium hydroxide, oxide, 
and carbonate. It was thought that iron might be a 
suitable agent because of the well known classical 
process for producing potassium by heating iron 
with potassium hydroxide. With the introduction 
of iron powder the production of a sulphur-free 
glitter effect was achieved. A suitable formula for 
demonstrating a sulphur-free glitter is 
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Lead nitrate 12 
Potassium nitrate 
Sugar charcoal 
Dextrine 
Aluminium powder 


RS RS KSB NO OD 


Iron powder 


The lead nitrate, potassium nitrate, sugar charcoal 
and dextrine should be <120 mesh. The iron 
powder should be sulphur free and <300 mesh and 
the aluminium less than about 10 micron atomised 
powder. Flake aluminium was never tried but there 
is no obvious chemical reason why it should not 
work. The size of the iron powder is not critical: 
some cast irons up to about minus 60 mesh are 
suitable provided that they are low in sulphur 
content. The potassium nitrate content may need 
reducing with a larger size of iron. Sugar charcoal, 
prepared by pyrolysis of sucrose was used because 
wood charcoal can contain significant amounts of 
sulphur combined as sulphate. 


The Effect of Different Nitrates 


After this success it was decided to see if glitters 
could be produced with other metal nitrates in place 
of potassium nitrate. It was felt that if each of the 
alkali and alkaline earth metal nitrates produced 
glitters this would not support the burning metal 
vapour mechanism because lithium and_ the 
alkaline earth metals have boiling points well over 
1000 °C and seemed unlikely to arise suddenly as 
vapour from tiny particles moving through the air. 
This was thought to be a good test for the validity 
of the burning metal vapour mechanism. 


Table 1. The effect of different nitrates. 
Lithium nitrate 15 


Sodium nitrate 18 


Potassium nitrate 
Rubidium nitrate 
Caesium nitrate 

Strontium nitrate 


Barium nitrate 


Charcoal + +t 
Sulphur 3 3 
Aluminium 3 3 
Antimony trisulphide 6 6 
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The mixtures in Table | were made. With the 
exception of the mixture containing lithium 
nitrate, the mixtures were prepared by sieve 
mixing and then dampening evenly with water in 
the amount of 3 g of water to 100 g of dry mixture. 
The dampened mixtures were run around with 
slight pressure in a pestle and mortar for about 
1 minute and then spread out onto sheets of paper 
into layers about half-inch thick. They were then 
dried for a half-hour at 102 °C in a hot air oven, 
removed and allowed to cool. Each mixture was 
then filled into cases and ignited. To prepare the 
lithium nitrate mixture, all ingredients except the 
nitrate were sieve mixed. The nitrate was ground 
in a pestle and mortar, added to the other mixed 
ingredients and blended in with a spatula. The 
complete mixture was then processed with water 
as before. 


The aluminium was <10 microns atomised powder. 
The lithium nitrate was crystal of about 20 mesh. 
All other ingredients were minus 120 mesh. The 
charcoal was sugar charcoal prepared by pyrolysis 
of sucrose, chosen to avoid potential effects from 
contamination by the potassium usually present in 
significant quantity in wood charcoal. All nitrates 
except for the caesium and rubidium nitrates 
were analytical grade materials. The caesium and 
rubidium nitrates were prepared from nitric acid 
and the corresponding carbonates. The rubidium 
nitrate contained some slight contamination by 
potassium as determined by flame spectroscopy. 
The sulphur was ground roll sulphur and the 
antimony trisulphide was prepared by fusing 
antimony of 99.5% purity with the calculated 
quantity of sulphur and grinding the product. 


ye) 
32 
42 
23 

28 
4 4 4 4 4 
3 3 3 3 3 
3 3 3 3 3 
6 6 6 6 6 
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The mixtures prepared from barium, lithium, and 
strontium nitrates did not produce a glitter effect 
but, not surprisingly, gave rise to considerable 
amounts of rather infusible residues. The mixtures 
prepared from caesium, potassium, rubidium, and 
sodium nitrates produced glitter effects. The effect 
from the sodium nitrate mixture was particularly 
interesting because of the brilliance of the yellow 
colour which was much more intense than that 
obtained by the addition of sodium oxalate to an 
ordinary glitter mixture. It was more in similarity 
to the depth of colour produced by sodium metal 
burning in the air. This fact obviously gave some 
support to the view that the glitter flashes might be 
due to burning metal vapour and that aluminium 
was not the source, or at least not the major source, 
because if this were the case the colour would not 
have been so saturated. 


If the glitter effect were due to burning alkali 
metal vapour it was thought that appropriate 
investigations might indicate how and where 
the metal was formed, why, if the metal were 
formed in the main burning layer, it did not burn 
immediately on reaching the air, and why the 
metal burnt with a flash. 


The Effect of Different Sulphides 


It was decided to see if antimony trisulphide was 
critical to the production of the glitter effect in 
sulphur-containing glitter mixtures. With suitable 
adjustments to proportions of ingredients it was 
found that a glitter effect could be produced 
by replacing the antimony trisulphide with the 
sulphides of arsenic, bismuth (trisulphide), 
cadmium, iron (pyrites), lead, mercury (cinnabar), 
tin (stannic), and zinc. No other sulphides were 


Table 2. The effect of iron and different metals. 


Potassium nitrate 15 


Sulphur 
Charcoal 


Aluminium 


NN FN 


Chromium 
Cobalt 
Copper 
Tron 
Manganese 
Nickel 
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tried. The only chemical feature common to all 
of these materials seemed to be that they were 
sulphides. 


The Effect of Iron and other Metals 


It was next decided to do some experiments to 
see if iron would promote glitter formation with 
sulphur containing mixtures as it had done with 
the sulphurless mixtures containing lead nitrate. It 
was quickly found that iron did behave similarly 
with sulphur containing mixtures and that cobalt 
and, possibly to some extent, copper also behaved 
in the same way. The effect with copper only 
produced small sized flashes of light. Manganese, 
nickel, and chromium did not produce a glitter 
effect at all. The effect with nickel was pretty. No 
other metals were tried. During these experiments 
it was found that the inclusion of metal sulphides 
was unnecessary. A typical set of mixtures that 
were tried is listed in Table 2 below. 


The potassium nitrate, sulphur, and charcoal were 
<120 mesh, the aluminium was <10 microns, the 
chromium and manganese were <100 mesh and the 
cobalt, copper, iron, and nickel were <300 mesh. 
The potassium nitrate, sulphur, and charcoal were 
processed separately as described for the previous 
set of nitrate, sulphur, and charcoal mixtures 
and the dried mixture was then combined with 
the appropriate metals. The charcoal was wood 
charcoal made from willow. 


It was found during this series of tests that, 
although not necessary for the production of the 
glitter effect, the inclusion of either antimony, 
bismuth, or tin metal modified the appearance of 
the glitter flashes in interesting ways. 


15 15 15 15 15 
2 2 2 
4 
2 2 2 2 2 
2 
2 
2 
2 
2 
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Following on these experiments the effect of 
replacing the iron by either cobalt, nickel, or 
chromium in the sulphur-free lead nitrate mixture 
quoted above was investigated. It was found that 
nickel and chromium each produced no glitter 
effect but that some glitter effect was produced 
by replacing the one part of iron by three parts of 
cobalt. The effectiveness of cobalt was not nearly 
as good as with the sulphur containing glitters. 


Alternatives to Lead Nitrate 


Obviously, the use of lead nitrate in fireworks is 
undesirable due to the poisonous nature of both 
lead nitrate and the products of combustion. A less 
troublesome formula for sulphur-free experiments 
and possible practical use was therefore sought. 
It was found that mixtures based on 3,5- 
dinitrobenzoic acid would provide the necessary 
conditions for glitter formation. A mixture that 
should easily demonstrate this is as follows. 


Potassium nitrate 6 


3,5-Dinitrobenzoic acid 4 


Tron 1 
Aluminium 1 
Antimony 1-3 


The iron should be <300 mesh, the aluminium 
about 5—10 microns, and the antimony <100 mesh. 
The remaining ingredients should be <120 mesh. 


In the author’s experiments, replacing the 6 parts 
of potassium nitrate with 5 parts of sodium nitrate 
gave a mixture which produced a glitter with a 
good yellow colour. Replacing the potassium 
nitrate with 4 parts of lithium nitrate or 12 parts of 
caesium nitrate gave no glitter. Replacement with 
9 parts of rubidium nitrate did produce a glitter 
effect. In the case of caesium nitrate, an incipient 
glitter effect was obtained by increasing the iron 
content of the mixture. 


A disadvantage with this type of mixture is that 
smoke production during combustion is greater 
than is usually found with similar mixtures 
containing sulphur. 


Possible Broad Mechanisms 


At this point, some more thought was given to 
possible ways by which alkali metal vapour could 
be suddenly released in the air. Three possibilities 
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were selected for consideration. These were: 


1. The transport of alkali metal in solution or 
suspension of droplets or metal fog, in molten 
alkali metal salts or oxides which on cooling 
would precipitate the alkali metal and also 
form a solid contracting crust. The resulting 
increase in internal pressure of the droplet 
might cause the crust to crack and the alkali 
metal to be ejected into the atmosphere were 
it would burn rapidly. Or the particle might 
absorb water from the atmosphere which 
might then react sufficiently exothermically 
with the alkali metal to bring about ignition. 


2. Droplets containing alkali metal carbonyls 
which would react with the air in an explosive 
manner to produce a flash of light. 


3. The bursting of droplets of molten alloys of 
alkali metal and other metals formed in the 
burning mixture. 


Scheme 3 was considered to be very unlikely 
because alloys of alkali metals and other metals 
that might be present in the burning mixture were 
believed to contain insignificant quantities of alkali 
metal at the temperatures which would be attained. 
Scheme 2 was thought to be possible. Even though 
sodium is not believed to form an analogue of the 
well known potassium hexacarbonyl, it has been 
reported to form a carbonyl which is explosive in 
air. 


In order to obtain information of relevance to 
schemes | and 2 of the above, a series of mixtures 
was made using a base mixture which did not 
produce a glitter effect when burnt and adding 
to this various organic materials which might 
be expected to increase the carbon monoxide 
concentration in the burning mixture and/or to 
produce salts which would lower the melting point 
of oxide and carbonate slag. 


A base mixture was prepared from 


Potassium nitrate 22.0 
Sulphur 3.4 
Wood charcoal 4.0 
Aluminium 0.3 


Mixtures were prepared by adding each of the 
following materials to the base mixture in the 
proportions of 5.5 parts of base mixture to 0.3 
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parts of additive: citric acid, oxalic acid, tartaric 
acid, biuret, iminodiacetic acid, glycine, potassium 
bitartrate, potassium glyoxylate, antimony 
sodium tartrate, sodium oxalate, lithium formate, 
potassium formate, and sodium formate. 


When burned, only mixtures containing sodium 
formate, antimony sodium tartrate, and sodium 
oxalate produced good glitters. Mixtures containing 
tartaric acid, potassium bitartrate, potassium 
formate, or potassium glyoxylate produced 
incipient glitters, while the others produced no 
glitter effect at all. The fact that lithium formate 
produced no glitter effect and potassium formate 
only an incipient one while sodium formate and 
sodium oxalate both produced good glitter effects 
indicated that carbon monoxide played little or no 
part in glitter formation but that reduction of slag 
melting point was important. Sodium formate and 
sodium oxalate would both produce sodium oxide 
and carbonate in the burning mixtures and these 
would reduce the melting point of the slag due 
to formation of the known relatively low melting 
mixtures with the corresponding potassium salts. 
If a low slag melting point was a key factor for 
producing the glitter effect it was thought that 
adding sodium bicarbonate to the base mixture 
would also produce a glitter effect on burning. 
This was confirmed by mixing 0.3 parts of sodium 
bicarbonate with 5.5 parts of the base mixture and 
burning the product. A good glitter effect was 
produced confirming that low melting slag was 
required. 


This result pointed the way to the next set of 
experiments. If low melting slag was required then 
a mixture of sodium nitrate and potassium nitrate 
mixed with appropriate quantities of sulphur, 
charcoal, and aluminium should also produce a 
glitter effect when burnt. This proved to be the 
case as was shown when the following mixtures 
were burnt. 


Sodium nitrate 1.7 29 4.6 
Potassium nitrate 55 3.5 2.0 

Wood charcoal 10 10 10 1.0 
Sulphur 15 15 15 1.5 
Aluminium 0.4 04 04 04 


The first mixture occasionally produced an 
incipient glitter. The second and third mixtures 
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produced glitters. The fourth mixture produced a 
bright yellow flame. 


The results from these various experiments 
were not specific enough to eliminate any of 
the three proposals mentioned above. Each 
proposal depended upon a molten slag with the 
property of being easily dispersed into droplets 
for projection into the air. However, the results 
from the experiments where an increase in carbon 
monoxide concentration in the burning mixtures 
might be expected hinted that the alkali metal 
carbonyl mechanism was not very likely. 


In order to obtain information that might be useful 
in discriminating between possible mechanisms of 
glitter formation, it was decided to investigate the 
products of the reactions in the firework tubes. 


First, an attempt was made to capture whatever 
was producing the glitter, or at least its reaction 
products with water, by projecting the spray from 
a burning glitter firework at a slant angle to a water 
surface separated from the firework by about | to 
2 feet so that dross dropping from the firework 
would not contaminate the water. It had been 
discovered earlier, as stated above, that particles 
producing glitter bounced off water surfaces. It 
was thought that the problem might be overcome 
by increasing the angle of attack or by reducing 
the surface tension of the water with a suitable 
additive. This procedure was quickly abandoned 
because it was found that the particles producing 
the glitter effect still bounced off the water surface 
and travelled on to produce the glitter flashes even 
when the angle of attack was 45 degrees and an 
agent to reduce surface tension had been added. 
The fact that the particles had insufficient energy 
to overcome the surface tension of the water, even 
when the surface tension was reduced, suggested 
that they were very small indeed. 


Next, an attempt was made to recover all 
combustion products by burning glitter fireworks 
inverted in an argon atmosphere and collecting 
ejected material on a cool surface. A plywood box 
(see Figure 2) was made for this purpose such that 
its internal dimensions were 20 inches high by 
8 inches square. One end was fixed permanently 
in place while the other end was oversize and 
rested loosely in place so that it could easily be 
slid away. A gas inlet was arranged by the fixed 
end. One side was made of glass for purposes of 
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Loose fitting lid 
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Figure 2. Apparatus for collection of combustion 
products. 


observation. In use, the box was stood upright on its 
fixed end which thus formed a base. A receptacle 
to solidify and retain molten matter issuing from a 
burning firework was made in a form which could 
be easily dismantled by placing a 4 inch square 
piece of steel plate (0.25 inches thick) on the 
base and holding two similar pieces of steel plate 
upright such that the three pieces were brought 
together at one corner. The upright pieces of plate 
were supported by wooden blocks on their outside 
surfaces. The firework under test was arranged for 
electrical ignition and held so that its burning end 
would be aimed at the corner of the steel plates. 
After putting the lid in place, the box was filled 
with argon and the firework ignited. The material 
collected on the steel plates was then removed and 
examined. 


Two glitter mixtures were tested as shown in 
Table 3. Mixture A was used as an example of 
a sulphurless glitter and mixture B as an example 
of one containing sulphur. A mixture containing 
combined sulphur rather than elemental sulphur 
was used because it was thought that any elemental 
sulphur appearing in the collected combustion 
residue might react with the glitter forming 
material so that it could not be identified. 
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When tested as described, mixture A gave a black 
deposit interspersed throughout with small shiny 
metallic looking spheres. Some residue was added 
to water held in a 1 inch diameter test tube. The 
residue reacted immediately and exothermically 
with vigorous evolution of an odourless gas. 
The test tube was closed with a bung before gas 
evolution had ceased. After gas evolution had 
progressed for a short time the bung was removed 
and a burning splint held at the mouth of the 
test tube. The gas burnt violently producing the 
squeak characteristic of hydrogen. The flash was 
not luminous. It was assumed that the gas was 
hydrogen. The experiment was repeated using 
mixture A without an iron content. This mixture 
produced no glitter but the residue collected 
after burning in argon looked the same as the 
residue obtained from the normal mixture A and 
reacted similarly with water. It seemed therefore 
that whatever was producing the gas was not 
responsible for producing the glitter effect unless 
the iron was responsible for favourably affecting 
the physical properties of the molten slag. 


The residue obtained from when mixture B was 
burnt was a black material which had relatively 
large white spheres dispersed throughout. When 
treated with water there was a slight evolution of 
gas but insufficient for flammability tests. 


The above results did not seem to be immediately 
useful for unravelling how glitter formation occurs 
so another attempt was made to collect the particles 
responsible, this time by using self-adhesive tape 
as a collector. Strips of double sided self-adhesive 
tape were fixed to one side of a square paper board 


Table 3. Glitter mixtures. 


A B* 
Potassium nitrate 6 7.8 
Potassium 3,4-dintrobenzoate 4 
Sodium 3,5-dintrobenzoate 6.2 
Sodium 4-nitrobenzoate. 2.4 
Sodium hydrogen sulphite 3.8 
Aluminium 1 1.0 
Tron 
Antimony 2 


“Note: Mixture B does not keep for more than a few 
hours in humid conditions. 
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of 7.5 inch side. A glitter firework was arranged 
for electrical ignition and to fire upwards from the 
centre of the box base. The board, with the self- 
adhesive tape facing towards the firework, was 
held with heavy duty self-adhesive tape 2 inches 
below and parallel to the box lid. The box was 
filled with argon and the firework ignited. 


In these experiments, mixture A produced an 
area of continuous black deposit surrounded by a 
few black spheres. No metallic looking particles 
were visible. The tapes were quickly removed 
and placed in water. The black deposit reacted 
with rapid evolution of an inflammable gas. The 
residue stuck to the self-adhesive tapes from 
mixture B was a collection of white spheres of 
widely varying size and black debris of random 
shape. When placed in water a few pinpoint sized 
regions evolved gas for about 2 seconds. It was 
speculated that these pinpoint regions might have 
held particles with the potential to produce glitter 
flashes. It was realised that a much more refined 
experimental technique would be necessary to 
explore this. 


Experiments were then done to find out what 
happened when glitter fireworks were burnt in 
an atmosphere of argon such that after travelling 
through the argon particles from the burning 
firework would pass into the air. To do this a 
firework arranged for electrical ignition was 
placed upright at the centre of the box base. The 
lid was put in place and the box filled with argon. 
The lid was removed with a gentle sliding motion 
just before the firework was ignited. The effect 
was observed through the glass side of the box and 
in the air just above the box opening. Two glitter 
mixtures were tested, mixture B above and: 


Potassium nitrate 6.0 
3,5-Dinitrobenzoic acid 4.0 
Aluminium 1.0 
Tron 1.0 
Antimony 2.5 


When a firework containing mixture B was burnt 
no effect was visible in the argon at the beginning 
of combustion except for a short flame at the 
firework mouth. However, almost directly above 
the top of the box a display of glitter flashes 
appeared without noticeable delay. As the burning 
continued glitter flashes began to appear inside the 
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box just below the top. The line of demarcation 
moved down rapidly to the region of the firework. 
This behaviour was clearly due to air being sucked 
in by the upward displacement of argon in the 
central region driven by the materials issuing from 
the firework. Fireworks containing the mixture 
based on 3,5-dinitrobenzoic acid behaved similarly 
although there were some golden coloured 
sparks visible in the argon from the beginning of 
combustion and before glitter flashes were seen 
in that gas. The experiments were repeated twice 
with each mixture with the same results. The fact 
that mixture B did not produce visible sparks 
in argon suggested that the particles producing 
glitter flashes from this mixture were very small 
and cooled quickly. Yet some and perhaps all of 
these particles ignited on entering the air. This 
behaviour was considered to be compatible with 
the view that the glitter flashes were produced by 
combustion of alkali metal vapour mixing rapidly 
with air. If, for example, a very small particle 
containing or coated with potassium were ejected 
into air an oxidation reaction would begin. Due to 
the high surface area to mass ratio the temperature 
might rise to the ignition temperature of potassium 
and the large increase in heat of reaction might 
then vaporise the remaining potassium which 
would ignite with a flash. Two observations lend 
some support to this general mechanism. 


First, when the fireworks containing mixture B 
were burnt in argon and the particles allowed to 
travel into air it was observed in one case that 
the first indication of chemical reaction in the 
lower part of the argon, where the rate of increase 
of air would be slowest, was the appearance of 
sparks which increased in size somewhat with a 
surrounding glow but did not develop into flashes. 
They simply burnt to extinction. If this observation 
was real rather than an illusion it would support 
the vaporisation mechanism. If the supply of air 
were sufficiently limited by dilution with argon 
the oxidation rate of the alkali metal would only 
be high enough to produce a relatively prolonged 
production of vapour resulting in a small diameter 
combustion zone maintained over a longer time 
hence not producing a flash. 


Second, during experiments aimed at producing 
different sulphurless glitter mixtures it was found 
that the distance between the firework tube mouth 
and the point where glitter flashes developed 
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Table 4. Use of different alkali metals. 
Potassium nitrate 
Lithium 3,5-dinitrobenzoate 
Sodium 3,5-dinitrobenzoate 
Potassium 3,5-dinitrobenzoate 
Caesium 3,5-dinitrobenzoate 
Aluminium 
Tron 


Antimony 


might be influenced by the ease of ignition of the 
alkali metals in the mixtures. This can be shown in 
the series of mixtures shown in Table 4. 


Glitter flashes only occur in the vicinity of the 
firework tube opening and for a short distance 
above it in the case of the mixture containing 
caesium. With the mixture containing only 
potassium the flashes still occur close to the tube 
opening but extend upwards to a greater extent. 
With the mixtures containing sodium and lithium 
some separation between the tube opening and 
the region of glitter appearance is evident while 
the effect extends much further upwards with 
lithium producing the most distance between the 
firework tube opening and the furthest flashes. The 
mixture containing caesium is interesting because 
in addition to the localised glitter effect it also 
produces reasonably large reddish sparks which 
spread out from the firework in all directions 
in a manner suggesting that they might be self- 
propelled. 


It was clear at this point that to progress further 
in finding out how the glitter effect came about 
would require a more rigorous approach and a 
refinement to experimental equipment that would 
be too costly and time consuming. Therefore no 
further work was done. 


In the late 1970s sulphur-free glitter fireworks were 
demonstrated to Ronald Hall and his colleague 
Edith (Dai) Ison of Brock’s Fireworks. During 
a discussion about glitter fireworks Mr Hall 
mentioned that he had discovered that a mixture 
of meal powder, aluminium, and sodium oxalate 
produced a glitter effect. He gave the following 
mixture as an example: 
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6 6 6 
“ 4 
- 4 
4 
1 1 1 1 
1 1 1 
2 2 2 2 
Meal powder 10 
Aluminium 1 
Sodium oxalate 2 


This confirmed in part the experiments reported 
above in relation to low melting slags where it was 
also found that sodium oxalate stimulated glitter 
formation. 


During the progress of the work reported above 
many mixtures not recorded in this report were 
produced. Some that may be of interest are 
recorded below. 


An example of a glitter mixture containing no 
heavy metals is: 


Meal powder 10 
Sulphur 4 
Aluminium 1 


Other examples of sulphur-free glitter mixtures 
are given in Table 5. 


Mixture B produced small bright sparks which 
burst to produce golden rays but no glitter flashes. 
The addition of 1 part of antimony (mixture C) 
produced glitter flashes with bright rays. The 
addition of 2-3 parts of antimony (mixture D) 
produced glitter flashes without significant rays. 


Potassium nitrate 6 
3,5-Dinitrobenzoic acid 


4 
Lead cyanamide 3 
Aluminium 1 
Tron 1 
1- 


Antimony or Tin 2 


The above mixture produces no glitter unless 
either antimony or tin is included. 
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Table 5. Sulphur free glitter mixtures 


Potassium nitrate 

Potassium 3,5-dinitrobenzoate 
2,4 Dinitrophenylhydrazine 
Aluminium 

Tron 

Antimony 

Wood charcoal 


In the case of sulphur-free glitter mixtures it was 
found in the author’s experiments that antimony 
could not be replaced by either of the metals 
bismuth or lead. Antimony could be replaced by tin 
usually with a change to the detail of the flashes. 
Iron could not usually be replaced by cobalt and 
when it was possible to do so there was always a 
decrease in effectiveness. 


Conclusions 
The experimental results obtained prove that: 


1. Sulphur is not essential for the production of 
the glitter effect. 


2. The glitter effect can be produced when 
the potassium ion is replaced by either the 
caesium, rubidium, or sodium ion. 


3. Iron, cobalt, and, possibly, copper can promote 
the formation of glitter flashes, iron possibly 
being the most effective. 


4. Heavy metals such as antimony are not 
essential for the production of the glitter 
effect. 


5. The material ejected from burning glitter 
mixtures reacts spontaneously with air to 
produce the glitter flashes, air being an 
essential ingredient for their manifestation. 


The results obtained when investigating the 
mechanistic aspects of glitter formation are 
unable to discriminate definitely between the 
possible broad mechanisms suggested. There 
is some experimental support for the view that 
glitter flashes are produced by the reaction of 
alkali metal vapour with air. It is suggested that 
the alkali metal vapour might be carried into the 
atmosphere in solution or suspension in droplets 
of an oxide or a salt. 
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A 

6 35 oe 3.5) 

2 

4 15 15 1.5 

1 0.5 0.5 0.5 

1 0.5 0.5 0.5 

2 1.0 2.0-3.0 
0.5 0.5 0.5 


Experimental Details 


The mixtures described in this report were burnt 
in tubes rolled from paper. The tubes usually had 
an internal diameter of 0.4 or 0.5 inch and were 
unchoked. Some experiments were carried out 
with lead nitrate mixtures using tubes with an 
internal diameter of 0.75 inch provided with clay 
chokes of 0.375 inch diameter. 
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An Evaluation of Lightning Thermo Tube™ 
As a Pyrotechnic Ignition System 


K. L. Kosanke and B. J. Kosanke 
PyroLabs, Inc., Whitewater, CO, USA 


Abstract: Lightning Thermo Tube (LTT) is a recently introduced type of shock tube with characteristics 
that make it highly suitable for use with common pyrotechnics. LTT is reliably initiated by reasonably 
energetic electric matches and reliably ignites most pyrotechnic compositions. LTT is physically strong, 
easily spliced and branched, and highly weather resistant. LTT produces a bright flash of light upon 
functioning, which may be useful in itself, This paper presents the results of a series of tests performed 
to determine some of the more important capabilities and characteristics of LTT as it relates to use with 


pyrotechnics in general and fireworks in particular. 


Keywords: thermo tube, shock tube, pyrotechnic ignition system 


Introduction 


Lightning Thermo Tube™ (LTT)!” has recently 
been introduced to the US fireworks trade. 
The product is very similar in appearance to 
conventional shock tube.*° However, because 
of the pyrotechnic used in its manufacture, it 
does not require the flame-to-shock and shock- 
to-flame converters that regular shock tube needs 
when used with typical pyrotechnics.° This makes 
it more convenient and cost effective to use 
with pyrotechnics than conventional shock tube. 
Fortunately, LTT retains the safety characteristics 
and the ease of splicing and branching of 
conventional shock tube. 


This article reports on an initial brief evaluation 
of LTT for use with pyrotechnics, specifically 
fireworks and proximate audience pyrotechnics. 
However, because of the limited scope of this 
study, for the most part reliability issues are not 
thoroughly addressed. For example, LTT was 
definitely found to have the capability of being 
initiated with commonly used electric matches 
and with small exploding charges. A reasonably 
high level of reliability was found in ignition 
trials with one type of electric match, where 
35 of 35 attempts were successful. However, 
because only a limited number of trials were run, 
it is not possible to state with confidence how 
reliably such initiation can be accomplished. 
In many other cases, because even fewer trials 
were conducted, the results are not statistically 
significant. Finally, all trials were conducted only 
under moderate environmental conditions (1.e., at 
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a temperature of approximately 15 °C (60 °F) and 
a relative humidity of less than 40%); therefore, 
it is possible that the performance of LTT under 
more extreme conditions may be different. 


The Product 


A small coil of Lightning Thermo Tube (LTT) is 
shown in Figure 1. It is a thick-walled strong (high 
tensile strength) plastic tube, approximately 3 mm 
(0.12 in) in outside diameter and approximately 
1.2 mm (0.05 in) in inside diameter. The inside 
of the tubing has been coated with a thin layer of 
pyrotechnic composition, which propagates an 
energetic chemical reaction and can ignite various 
other pyrotechnic materials. Also shown in 
Figure 1 are three short lengths of rubber tubing 
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Figure 1 A photo of a small coil of LTT and 
items used in coupling and splitting LTT. 
[Each small square is 2.5 mm (0.1 in).] 
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and a small plastic tee that can be used to couple 
and branch the LTT. 


The stable propagation rate of LTT was measured 
and found to be approximately 1100ms' 


(3600 fts'), which is reasonably consistent 
7 


propagation in the LTT were required before the 
propagation rate stabilized and the full intensity 
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Figure 2 A collection of 15 images of the 
propagation of LTT after initiation with an 
electric match. The elapsed time between images 
is 0.00005 s. (The image width is approximately 
800 mm, 32 in.) 
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Figure 3 An electron micrograph of a small 
segment of LTT cut at an angle of approximately 
45° to better expose the powder coating on its 
interior wall. 


of the propagation was established when initiated 
with an electric match (Martinez Specialties’ 
E-Max electric match’) using an 8 J capacitive 
discharge firing set. It is likely that the initiation 
method may affect the run-up distance but almost 
certainly not the steady state propagation rate. 


Figure 3 is an electron micrograph of the end of a 
piece of LTT cut at a slight angle to better expose 
its interior for imaging. (Unfortunately in this two- 
dimensional image, the thin coating on the inside 
wall of the tubing somewhat gives the appearance 
that the inner bore of the tube is completely filled 
with composition.) The Material Safety Data 
Sheet for LTT"® lists as its hazardous ingredients 
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Figure 4 The energy dispersive X-ray spectrum 
of a sample of LTT’s interior powder coating. 
(SORT Counts is the square root of the number of 
counts per energy channel.) 
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Table 1 Apparent chemical formulation of the 
internal powder coating used in LTT. 


Ingredient Percentage 
Aluminum 50 
Tron(II—HI) oxide 24.5 
Potassium perchlorate 24.5 
Talc 1 


potassium perchlorate and aluminum. The energy 
dispersive X-ray spectrum (above an energy of 
0.5 keV) of a sample of the powder coating (see 
Figure 4) also includes substantial peaks for iron. 
In comparing this information, the measured 
propagation rate for the LTT of approximately 
1100 ms ' (3600 ft s'), and information given in 
the US Patent upon which the LTT is apparently 
based,” suggest that the pyrotechnic composition 
of the interior wall coating is that given in 
Table 1. 


Because the reported amount of pyrotechnic 
content is so low (8 mg m ')!° Lightning Thermo 
Tube is classed by the US Department of 
Transportation as “not regulated as an explosive” 
and can be shipped as non-hazardous material,!! 
which is the same classification as for the plastic 
tubing without the pyrotechnic coating on its 
interior wall. Nonetheless, the US Bureau of 
Alcohol, Tobacco, Firearms and Explosives is 
requiring that LTT be sold only to licensees and 
that it be stored as a regulated material, including 
a requirement for record keeping.’ 


Figure 5 is one frame from a standard (NTSC) 
frame-rate video that demonstrates the projection 
of fire and sparks emanating from the end of LTT 
as it functions. The functioning thermo tube is 
seen as the narrow bright band at the extreme left 
in the image. The fire output from the LTT is seen 


Figure 5 A standard (NTSC) frame-rate video 
image of functioning LTT, where the total width 
of the image is approximately 250 mm (10 in). 
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to expand to a diameter of approximately 25 mm 
(1 in) and to extend to approximately 100 mm 
(4 in) to the right. The spray of sparks from the 
LTT, although not clearly visible in Figure 5, also 
projects to a distance of at least 200 mm (8 in) 
from the end of the thermo tube. 


When conventional shock tube (charged with 
explosive composition) functions, the pressure 
developed within the tube will occasionally cause 
the tube to burst. (It will fairly reliably burst the 
tube when two nearly simultaneous shock waves 
are propagated from both ends of the shock tube 
to collide along its length.) This type of tube 
bursting was not observed for LTT during the 
trials that were conducted, even when opposing 
shocks were caused to collide within the tubing. 
(However, based on the limited testing being 
reported, it should not be assumed that LTT will 
never burst its tube.) 


Similar to shock tube, the functioning of LTT 
can produce moderately loud sound. The sound 
pressure level (SPL) produced by the emerging 
shock front is approximately 145 dB (free field 
— peak — linear) measured at 1.2 m (4 ft) directly 
in line with the end of the LTT (i.e., at 0° to the 
axis of the LTT). Under the same conditions, 
but measured at 90° to the end of the LTT, the 
SPL was reduced to approximately 135 dB. The 
output (blast) from the end of the LTT is the 
primary source of the sound, as opposed to the 
sound radiating outward through the walls of the 
tube. Thus, when the ends of the LTT were sealed 
(or well muffled) the SPL did not exceed the 
background sound level in the laboratory at the 
time (1.e., approximately 90 dB). 


Initiation Trials 


A series of trials were conducted to determine 
what common stimuli tend to be capable of 
initiating Lightning Thermo Tube. In many cases 
only a limited number of individual trials were 
performed; thus one should not infer much about 
the reliability of the various methods. See Table 2 
for a summary of the LTT initiation tests that 
were performed. (The order of the information in 
Table 2 is not the same as the order in which the 
trials were conducted.) Table 2 begins with three 
methods that were unsuccessful in producing 
initiations of LTT on every attempt, then two 
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Table 2 Lightning Thermo Tube initiation test results. 


Test Conditions" 


Initiations / Trials 


Fall-hammer impact (5 kg hammer from a height of 1 m, 39.4 in) 0/10 
Propane torch flame applied for five seconds (flame temperature was approximately 

0 0/3 
1900 °C) 
Fire spit from visco fuse coupled using inert tubing” 0/5 
LTT installed into the wall of a discharging consumer fireworks mortar 2/4 
Luna Tech BGZD electric match'* coupled using tubing® 30/354 
Martinez Specialties E-Max electric match’ coupled using tubing® 35/35 
Spark gap using an 8 J capacitive discharge firing unit 30/30 
Martinez Specialties E-Max electric match coupled using a Martinez Specialties 3/3 
Quick Fire VF Clip'** 
Martinez Specialties Exploding-Bridge-Wire initiator coupled using its attached inert 3/3 
tube and an 8 J capacitive discharge firing unit 
Bare electric match tip (without any pyrotechnic composition) using an 8 J capacitive 3/3 
discharge firing unit 
Approximately 50 mg of flash powder in coupling tube, ignited with visco fuse 3/3 
CCI #209M shot shell primers in a shock tube firing apparatus‘ 3/3 
Functioning shock tube coupled using tubing 2/2 


*“ Trials were conducted at a temperature of approximately 15 °C (60 °F) and a relative humidity of less than 40%. 

Visco fuse is a thread wrapped black powder fuse approximately 2.5 mm (0.1 in) in diameter and is also called 
hobby, cannon and fireworks safety fuse. © The electric matches were fired using either an 8 J capacitive discharge 
firing set or one using a 5 V power supply. ‘The US distributor of LTT reports that this is the manufacturer’s 


recommend method of initiation for LTT. 


methods that worked with less than complete 
reliability, and finishes with a number of methods 
that were successful on every attempt. 


The trials using fall-hammer impacts (0 initiations 
in 10 trials), the flame from a propane torch (0 
initiations in 3 trials) and the fire spit from visco 
fuse (0 initiations in 5 trials) were all unsuccessful 
in initiating the LTT. The next stronger impetus 
tried was to mount the end of LTT through 
the side of a consumer fireworks mortar to 
fire a small aerial shell. The combined flame 
and modest pressure effect that was produced 
worked occasionally (2 initiations in 4 trials), 
but only when the aerial shell was propelled with 
significant force. 


In the setup used to determine the capacity for 
initiation of LTT by electric matches and fuse, 
approximately 18 mm (0.75 in) of 3 mm (0.12 in) 
ID inert tubing was used to connect the initiation 
source to the LTT. The initiation source and 
the LTT were inserted into opposite ends of the 
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tubing until contact was made between them. 
(See the upper two illustrations in Figure 6.) In 
the case where the initiation source was visco 
fuse augmented with a small flash powder charge, 
the coupling method was similar, except that the 
length of tubing was extended to approximately 
32 mm (1.25 in) in length and a small amount 
(approximately 50 mg) of flash powder was added 
to the tubing between the initiation source and 
the LTT. (See the lower illustration in Figure 6.) 
The flash powder used in these trials was 70 : 30 
potassium perchlorate and dark pyro aluminum 
(400 mesh). 


The next stronger impetus tried was to use fairly 
mildly functioning electric matches (Luna Tech’s 
BGZD electric matches.’ The first 25 trials using 
these electric matches produced 25 successful 
initiations of the LTT. However, the last 10 trials 
only produced 5 successful initiations. At this 
time it is not known what the reason for this was 
(e.g., statistical chance or some difference in the 
electric matches or in the LTT). However, the 
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Figure 6 An illustration of some of the methods 
used in trials for initiating LTT. Top, visco fuse 
coupled to LTT. Middle, electric match coupled 
to LTT. Bottom, visco fuse coupled to flash 
powder that is then coupled to LTT. 


Luna Tech electric matches are noticeably more 
mild in their functioning than are the Martinez 
Specialties matches that were also used. 


The trials using various stronger initiation sources 


were all successful. These methods included the 
use of a more powerfully functioning electric 
match (Martinez Specialties E-Max electric 
match’) (35 initiations in 35 trials); capacitive 
discharge spark gaps'* using an 8 J capacitive 
discharge firing set (30 initiations in 30 trials); an 
E-Max electric match coupled to the LTT using 
a Martinez Specialties Quick-Fire VF clip’? (3 
initiations in 3 trials); commercial exploding 
bridgewire initiators (Martinez Specialties) using 
an 8 J capacitive discharge firing set (3 initiations 
in 3 trials); hand-made exploding bridgewire 
initiators (a bare electric match tip, without any 
pyrotechnic composition) using an 8 J capacitive 
discharge firing set (3 initiations in 3 trials), small 
charges of fireworks flash powder (3 initiations 
in 3 trials), CCI #209M shot shell primers using 
a commercial shock tube firing appliance (3 
initiations in 3 trials) and functioning commercial 
shock tube (2 initiations in 2 trials). 


LTT Coupling Methods 


One of the standard (and effective) methods used 
to couple lengths of shock tube is to insert the ends 
to be joined into a short length of inert tubing. 
(This coupling method is demonstrated in the top 
photograph of Figure 7.) Providing the two ends 
are reasonably close together inside the coupling 
tube, communication of the shock reaction seems 


Table 3 4 summary of the results from the testing of LTT coupling methods. 


Test Conditions’ 


Direct contact, end to end coupling using inert tubing” 


Coupled using metal compression fittings® 


Coupled using plastic compression fittings 


Coupled through ~ 18 mm (0.75 in) inert tubing gap*° 


Coupled through ~ 38 mm (1.5 in) inert tubing gap“ 
Coupled through ~ 51 mm (2 in) inert tubing gap“ 
Coupled through ~ 76 mm (3 in) inert tubing gap* 
Propagating through very tight bend® 


Successes / Trials 
30/30 
1/1 
5/5 
2/2 
10/10 
3/7 
0/3 
2/4 


“Unless otherwise stated, to allow for the full development of LTT’s propagating reaction, approximately 300 mm 
(12 in) of LTT was allowed before attachment to a coupling tube. This allowed for the full strength of the LTT 
propagation reaction to be fully established. Trials were conducted at a temperature of approximately 15 °C (60 °F) 
and a relative humidity of less than 40%. ° See the upper photograph in Figure 7. ° See the upper middle photograph 
in Figure 7. ‘ See the lower middle photograph in Figure 7. ° See Figure 8 for a composite series of photographs of 
the propagation the LTT reaction through an approximately 18 mm (0.75 in) gap. ‘ See Figure 9 for a composite 
series of photographs of the propagation the LTT reaction through an approximately 38 mm (1.5 in) gap. ® See the 
lower photograph in Figure 7 for just how tight a bend was attempted. 
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assured. However, because the coupling tube 
is inert, there is a limited gap length between 
the two shock tube ends that will still provide 
reasonably assured communication of the shock 
reaction.'° The testing of LTT took two forms, 
(1) to verify that LTT can be effectively coupled 
using the same general end-to-end method that is 
effective for conventional shock tube, and (2) to 
establish the approximate maximum gap that will 
provide reasonably assured propagation of LTT’s 
pyrotechnic reaction. A summary of the test results 
is presented in Table 3. In each case, the length 
of LTT before the coupling was approximately 
300 mm (12 in), to allow for the full development 
of LTT’s propagating reaction. 


In the coupling trials with the ends of two lengths 
of LTT in direct contact inside a short length of 


Pert 
0mm eet 
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Figure 7 A photograph demonstrating the 

LTT “direct contact” in inert tubing (top), 
“compression fitting” (upper middle), and 
“gap” (lower middle) coupling methods. Also 
shown is the “very tight bend” (bottom) used in a 
propagation test [2.5mm (0.1 in) per division]. 
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slightly larger inert tubing (upper photograph in 
Figure 7) a total of at least 30 trials were attempted 
and all successfully propagated the LTT reaction. 
In addition to these direct coupling trials, trials 
were also conducted using metal (upper middle 
photograph in Figure 7) and reusable plastic 
compression fittings. By design, these fittings 
operate with a short gap between the ends of the 
tubing being coupled. In the metal fitting the gap 
was approximately 5 mm (0.2 in) and in the plastic 
fitting the gap was approximately 12 mm (0.5 in). 
While the fittings could have been drilled out to 
allow the end of the LTT to be in close end-to-end 
contact, this would have been an inconvenience 
and was anticipated to be unnecessary because 
LTT should be capable of propagating through 
a short length of an inert coupler. In a limited 
number of trials (1 using a metal fitting and 5 
using plastic fittings), all were successful. 


Next a series of trials were conducted to 
determine the approximate maximum gap that 
would provide reasonably reliable propagation 
of the LTT reaction. In these trials, the ends of 


7 ¥2/4inch Gap 


Figure 8 A collection of 6 images of the 
propagation of LTT through an approximately 
18 mm (% in) gap. The elapsed time between 
images is 0.0001 s.'° 
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two lengths of LTT were inserted into a length 
of inert tubing with an inside diameter the same 
as the outside diameter of the LTT (see the lower 
middle photograph in Figure 7). The two ends 
of the LTT were left separated within the larger 
diameter tubing by distances of approximately 
18, 38, 51 and 76mm (0.75, 1.5, 2, and 3 in). 
All of the trials using the approximately 18 and 
38 mm (0.75 and 1.5 in) gaps were successful 
in propagating the LTT reaction. However, in 
viewing the propagation using high frame-rate 
video’® it seemed apparent that the approximately 
38 mm (1.5 in) gap was near the maximum gap 
that could be tolerated. This can be seen by 
comparing Figures 8 and 9 of the propagation 
through approximately 18 and 38 mm (0.75 and 
1.5 in) gaps, respectively. For the approximately 
18 mm (0.75 in) gap (Figure 8) there is only a 
single image in the sequence of images before the 
propagation of the LTT reaction was reasonably 
fully reestablished after reaching the gap. In 
contrast, for the approximately 38 mm (1.5 in) 
gap (Figure 9) eight images lapsed before the 
propagation is reasonably fully reestablished after 
reaching the gap. Note in Table 3 that when the 
gap was increased to approximately 51 mm (2 in), 
propagation was only successful in three of seven 
trials, and when the gap was further increased to 
approximately 76 mm (3 in), none of three trials 
was successful. 


Tight Bend Propagation Test 


The ability of LTT to propagate through an 
extremely tight bend was briefly investigated. The 
tightness of the bend is documented in the bottom 
photograph of Figure 7, and it approximates the 
very tightest bend imaginable. It was found that 
two of four trials were successful; however, 
the number of tests was so small as not to be 
definitive. (This information is only offered for 
the sake of complete reporting of the trials that 
were conducted.) 


LTT Branching Methods 


A series of trials were performed to help establish 
the ability of LTT to successfully branch (one 
line split into two or more lines). The results are 
summarized in Table 4 and discussed in more 
detail below. 
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Figure 9 A collection of 12 images of the 
propagation of LTT through an approximately 
38 mm (1.5 in) gap. The elapsed time between 
images is 0.0001 s.'° 
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Table 4 4 summary of the results from the testing of LTT branching methods. 


Test Conditions’ 


Ignitions / Trials 


Into the middle branch of a single tubing tee” 10/10 
Into a side branch of a single tubing tee‘ 4/4 
Through a tubing tee into two additional tubing tees”* 10/10 
Through a tubing tee with only ~ 76 mm (3 in) of LTT leading to two additional tees”* 9/10 
Through a tubing tee directly (no LTT) into two additional tubing tees? 0/4 
Through a reusable plastic compression fitting tee’ 3/3 
Through a single use metal compression fitting tee 1/1 
Propagating through a notched LTT® 8/8 
Split into three lines by coupling a pair of notches" 2/2 
Split into seven lines by coupling inside inert tubing! 2/2 


“Unless otherwise stated, to allow for the full development of LTT’s propagating reaction, approximately 300 mm 
(12 in) of LTT was allowed before attachment to a tee or the first notch. This allowed the full strength of the LTT 
reaction to be established before branching. Trials were conducted at a temperature of approximately 15 °C (60 
°F) and a relative humidity of less than 40%. ° See the upper photo in Figure 10. ° See the left-hand illustration in 
Figure 11 for the orientation of the tubing tee in these trials. ‘See the right-hand illustration in Figure 11 for the 
orientation of the tubing tee in these trials. ° This arrangement is illustrated in Figure 12. ‘See the middle photo in 
Figure 10. ® See the lower photo in Figure 10 and see the lower photo in Figure 13 for the fire output from notches in 


a LTT line being fired. " See Figure 14. ' See Figure 15. 


Three of the methods used to branch LTT are 
documented in Figure 10. The first method used 
standard tubing tees coupled as shown in the 
upper photo. The attachment of LTT to the tubing 
tees was accomplished using short lengths of inert 
tubing. In the first trials, the LTT propagating 
reaction entered the middle branch of the tee, after 
traversing a total gap length of approximately 
24 mm (0.95 in) of inert tubing tee plus having 
negotiated a 90° bend (see the left drawing in 
Figure 11). Ten of ten trials of this branching 
method successfully propagated the LTT reaction. 
Further testing was performed using a slight 
modification of this tubing tee method, where 
the LTT propagation reaction entered one of the 
side branches of the tee (see the right drawing of 
Figure 11). Four of four trials of this branching 
method were successful in propagating the 
reaction. 


In the next series of trials, the pair of outputs from 
the one tee were sent into two additional tees for 
additional branching into a total of four LTT lines 
(see Figure 12). When the LTT lines between the 
first and the additional tees was approximately a 
full 300 mm (12 in), ten of ten trials successfully 
propagated the LTT reaction. However, when 
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the length of LTT between the tees was reduced 
to approximately 76 mm (3 in), only nine of ten 
trials were successful. When the three tees were 
coupled directly together with no LTT between 
the tees, none of four trials was successful. Note 
that this is consistent with the gap testing, where 
it was found that the maximum gap providing 
relatively reliable propagation of the LTT 
reaction was approximately 76 mm (1.5 in). The 
use of additional tees coupled directly to the 
first tee requires the LTT reaction to traverse 
approximately 48 mm (1.9 in) plus negotiate two 
90° bends. 


A third branching method consisted of simply 
cutting a series of notches into lengths of LTT 
using a standard hand-held paper punch. A 
typically produced notch is shown as the bottom 
photo in Figure 10. (Even though it is thought to 
be highly unlikely that punching notches in the 
LTT would cause its initiation, it is appropriate 
to employ all of the ordinary precautions that one 
would use in cutting any type of fuse.) Figure 13 
consists of two images taken from a standard 
frame-rate video recording, demonstrating the 
basic arrangement used in the trials. The upper 
image shows a length of LTT with a series of 5 
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Figure 10 Photographs demonstrating three of 


the LTT branching methods used in this study 
[2.5 mm (0.1 in) per division]. 


LTT Feed Line LIT 
Output 


Lines 


paper punch notches prior to firing the LTT. The 
lower image shows the fire-spit from the five 
notches as the LTT fires. While the arrangement 
shown in Figure 13 is of essentially no use 
in itself, it can be useful in: (a) branching to 
additional LTT lines, and (b) igniting pyrotechnic 
compositions if a charge of powder is positioned 
in the immediate area of each notch. 


Branching using the notch method is demonstrated 
in Figure 14. In this method, a notch was first 
cut into two LTT lines using a paper punch and 
the two notches placed over each other (notch to 
notch) and held on a small piece of tape. The two 
LTT lines were further secured using a second 
piece of tape. Only two trials using this method 
were attempted and both were successful. While 
easy to accomplish, this notch splitting method 
divides one LTT input line into three output lines. 
Another method was attempted in which the 
input LTT line was split into seven output lines 
(see Figure 15). This method used a short length 
of inert tubing with an internal diameter just 
large enough to accommodate the seven output 
LTT lines, which were inserted a short distance 
into the coupling tube. The input LTT line was 
fit through a sleeve that was large enough to fit 
securely into the larger diameter inert tubing. The 
input and output LTT lines were separated by 
approximately 5 mm (0.2 in) inside the coupling 
tube. Again only two trials were attempted using 
this method and again both were successful. 


LTT Ignition Capabilities 


One of the attractive characteristics of LTT is 
its ability to directly ignite typical pyrotechnic 
compositions (i.e., without using the shock-to- 


LTT 
Output 
LTT Feed Line Lines 


Figure 11 J///ustrations of the configurations used for the testing through a single tee: left, LTT reaction 
enters through the middle branch of the tee; right, LTT reaction enters through one side branch of the tee. 
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Figure 12 An illustration of the configuration 
used for the testing through multiple tees. 


flame converters needed with conventional shock 
tube). The results from the ignition trials are 
summarized in Tables 5 and 6 and are discussed 
further below. 


The first series of trials was conducted to 
determine the ability of LTT to ignite various 
pyrotechnic fuses. When the fuses were of 
approximately the same diameter as the LTT, 
both the LTT and fuse were inserted a short 
distance into a length of 3 mm (0.12 in) internal 
diameter (ID) inert tubing. This is illustrated in 
Figure 16 for coupling to visco fuse (also called 


Figure 13. Two images demonstrating the setup 
and fire spit produced from a series of 5 notches 
approximately 102 mm (4 in) apart in a length 
of LTT. The upper image is of the LTT hot melt 
glued to a support with pieces of tape below 
marking the location of each notch. The lower 
image documents the fire spit from the notches 
when the LTT was fired. 
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Figure 14 Photos demonstrating a possible LTT 
branching method using the “notch” method 


[2.5 mm (0.1 in) per division]. 
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Figure 15 Photo demonstrating one possible 
multiple branching method using a coupling tube 
[2.5 mm (0.1 in) per division]. 
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Table 5 Results of testing LTT’s ability to directly ignite various types of pyrotechnic fuse. 


Test Conditions* Ignitions / Trials 
Coupled to medium quality visco fuse? 10/10 
Coupled to fast burning visco-like fuse such as used on reloadable consumer firework shells? 4/4 
Coupled to fast Thermolite™ igniter cord® 4/4 
Coupled to Mantidor™ plastic igniter cord” 10/10 
Coupled to firework time fuse>* 3/3 
Coupled to medium quality visco fuse using a notch 4/4 
Coupled to quick match shell leader (Jumping Jack brand) using a notch* 5/5 
Inserted into quick match shell leader 14/14 


* To allow for the full development of LTT’s propagating reaction, in each trial an approximately 300 mm (12 in) 
length of LTT was provided before its attachment to a pyrotechnic fuse. Trials were conducted at a temperature of 
approximately 15 °C (60 °F) and a relative humidity of less than 40%. ° In each case the LTT was coupled to the fuse 
using a short length of 3 mm (0.12 in) ID inert tubing, for example see Figure 16. The ends of the LTT and fuse were 
in contact or near contact within the coupling tube. ° A 6 mm (0.25 in) ID inert coupling tube was used and the LTT 
was fit into a sleeve to increase its OD to fit securely into the coupling tube. ‘ This notch method is demonstrated in 
Figure 17. 


Table 6 Results of testing LTT’s ability to directly ignite various pyrotechnic powders. 


Test Conditions" Trials / Ignitions 
3Fg black powder? 4/4 
4FA black powder? 14/14 
2FA black powder? 10/10 
Unconsolidated (loose) hand-made black powder?“ 4/4 
Black Canyon™ 2Fg powder (a black powder substitute)° 10/10 
4FA black powder* 4/4 
7:3 flash powder (potassium perchlorate and dark aluminum)>* 3/3 
4:2: 1 flash powder (barium nitrate, dark aluminum and sulfur)>* 3/3 
IMR 7828 smokeless powder?® 4/10 
Pyropack 2-second titanium whistles 3/3 


“To allow for the full development of LTT’s propagating reaction, in each trial an approximately 300 mm (12 in) 
length of LTT was provided before its attachment to a pyrotechnic powder. Trials were conducted at a temperature 
of approximately 15 °C (60 °F) and a relative humidity of less than 40%. ° In the trials to ignite loose pyrotechnic 
powders, a small container, typically 12 by 50 mm (0.5 by 2 in) was filled with the test powder. The LTT entered 
into the container through a hole, with the end of the LTT positioned a short distance into the powder charge (see 
Figure 18). ° This powder was sufficiently fine grained such that it was possible that a small amount of powder 
might have entered into the end of the LTT. In the event that such powder infusion might need to be avoided, the US 
distributor of LTT' suggests that the end of the LTT can first have a thin coat of nitrocellulose lacquer applied over 
the hole in the end of the LTT. “In this trial all four charges of black powder were simultaneously ignited using 4 
notches cut into a single length of LTT (discussed further in the text below). ° This is a rather coarse powder and it is 
quite possible that a finer grained powder would be more readily ignited by LTT. 
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Figure 16 An illustration of the inert tube 
coupling method used to ignite the visco fuse and 
other small diameter pyrotechnic fuse types. 


hobby, cannon or fireworks safety fuse). This 
method was tried using a medium quality visco 
fuse (10 trials), fast burning visco-like fuse such 
as used on reloadable consumer fireworks aerial 
shells (4 trials), and both Thermolite (4 trials) and 
Mantidor (10 trials) igniter cords. In each case, all 
trials were successful in igniting the various fuse 
types. 


The inert coupling tube method was also tried 
using a reasonably high quality firework time 
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Figure 17 Photos demonstrating the notch 
method of coupling fuse to LTT. The upper pair 
of photos used visco fuse and the lower pair used 
a short length of black match from a shell leader 
[2.5 mm (0.1 in) per division]. 
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Figure 18 An illustration of the test method used 
in the trials of LTT ignition of loose pyrotechnic 
powders. 


fuse. However, in this case, because of the larger 
diameter of the time fuse, a 6 mm (0.25 in) ID 
inert coupling tube was used. For the LTT to be 
reasonably well secured into the larger diameter 
coupling tube, the end of the LTT was first fitted 
into a very short length of a spacer tube to enlarge 
its effective outside diameter from 3 to 6mm 
(0.12 to 0.25 in). Three of three trials produced 
successful ignitions. 


One potential drawback of the coupling tube 
method described above (as in Figure 16) is that 
it terminates the LTT line, which is then not 
available to produce more than the single ignition. 
Thus a variation on the coupling tube method was 
tried. This method employed a notch cut into the 
side of the LTT using a paper punch. The end of 
the fuse to be ignited was positioned against the 
notch and then held in place using tape. In the 
first of these trials visco fuse was used, as shown 
in the upper pair of photos in Figure 17. In these 
trials, four of four fuse ignitions were successful. 
The lower pair of photos in Figure 17 is a similar 
notch coupling method using quick match with 
a short length of black match exposed. After the 
notch was made in the LTT, the black match was 
laid into the notch, folded back over the LTT and 


Figure 19 Photo of the test configuration for 
simultaneously firing four small mortars from a 
single LTT line running under the mortars in a 
grove cut into the mounting board. 
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secured with 50 mm (2 in) wide plastic packaging 
tape. In these trials, five of five fuse ignitions 
were successful. 


A final series of fuse ignition trials was attempted 
in which the end of the LTT was simply inserted 
into quick match either into the end of a length of 
quick match or through a small hole made in the 
match pipe somewhere along the length of quick 
match. Using either method, care was taken to 
assure that the end of the LTT was immediately 
alongside the black match in the shell leader. Shell 
leaders from three manufacturers (Thunderbird, 
Jumping Jack and Sunny) were used in these 
trials, where 14 of 14 attempts to ignite quick 
match were successful. 


Having completed the trials of fuse ignition, LTT’s 
ability to directly ignite a variety of pyrotechnic 
compositions was investigated. The results of 
these trials are presented in Table 6. In those 
trials, the powders, whether loose or granulated, 
were placed in a small container and the end of 
the LTT was introduced a short distance into the 
powder charge, as shown in Figure 18. The first 
powder type to be investigated was black powder. 
These trials used 3Fg, 4FA, 2FA commercially 
manufactured powder, loose fine-grained hand- 
made black powder, and Black Canyon™ powder 
(a commercial black powder substitute based on 
ascorbic acid as the primary fuel). In these trials, 
all 42 of 42 attempts were successful. 


The direct insertion method described above (as 
in Figure 18) also has the potential drawback 
that it terminates the LTT line, which is then not 
available to produce additional ignitions. Thus 
a variation on the direct insertion method was 
tried. In one trial of the ignition of small charges 
of black powder, a series of four small mortar 
tubes were mounted over a single length of LTT 
(see Figure 19). At the location of each tube, a 
notch had been cut in the LTT with a hand-held 
paper punch. The distance between notches was 
approximately 102 mm (4 in). A small charge of 
4FA black powder and a projectile were added to 
each of the four small mortar tubes. Upon firing 
the single LTT line, all four black powder charges 
were simultaneously ignited and successfully 
fired the four small projectiles into the air. 


Next, two types of flash powder were used in 
the ignition trials. Both flash powders were of 


Page 62 


standard formulations. One was a mixture of 
70% potassium perchlorate and 30% dark-pyro 
aluminum, and the other flash powder was a 
mixture of 58% barium nitrate, 28% dark-pyro 
aluminum, and 14% sulfur. Again the end of the 
LTT was placed into a small charge of the powder 
(see Figure 18). In these trials, six of six attempts 
were successful. 


One type of smokeless powder (IMR 7828) 
was used in the ignition trials. This type of 
smokeless powder was chosen only because it 
was immediately available in the laboratory. It is 
a rather coarse powder and is somewhat unlikely 
to be chosen for most entertainment pyrotechnic 
uses. Only four of ten attempts with this powder 
were successful. As a result, if it were desired 
to reliably ignite such fairly large particle size 
smokeless powders (and perhaps others as well) it 
is likely that the output of the LTT would need to 
be augmented, such as perhaps by first igniting a 
small charge of black powder. 


As a final trial, the ignition of three small whistles 
(Pyropak, manufactured by Luna Tech, Inc.'”) was 
attempted. In these attempts, the end of the LTT 
was simply inserted into the end of the whistle 
tube, such that the end of the LTT was in near 
contact with the compacted whistle composition. 
The LTT was temporarily held in place within the 
whistle using a small plug made of wadded-up 
tissue paper. All three whistle ignition trials were 
successful. 


Conclusions 


While the number of trials reported in this 
paper give some indication of the capabilities of 
Lightning Thermo Tube (LTT), often the number 
of individual trials was not statistically significant. 
This notwithstanding, it seems reasonably certain 
that LTT is a useful product and will find a number 
of uses in fireworks and proximate audience 
pyrotechnics. Probably the most desirable features 
of LTT are: 


e its ability to be reliably initiated using 
reasonably energetic electric matches (without 
having to use flame-to-shock converters); 


¢ its ability to reliably ignite typical pyrotechnic 
fuses and powders (without having to use 
shock-to-flame converters); 
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¢ — its ability to produce a bright flash of light (with 
or without a fairly loud explosive sound); 


* its resistance to accidental ignition due to 
strong impact and high temperature flame; 


e its ability to be coupled and branched using 
the same methods commonly used for shock 
tube; 


e its non-hazardous classification for trans- 
portation. 


In considering the results reported in this paper, it 
is important to note that all trials were conducted at 
a temperature of approximately 15 °C (60 °F) and 
a relative humidity of less than 40%. Certainly, 
it is possible that the performance of LTT under 
more extreme conditions may be different. Thus 
further testing under more adverse conditions 
would be appropriate. 


While there undoubtedly are many potential uses 
for LTT in fireworks and proximate audience 
performances, and while this paper may have put 
readers in mind of some applications, it was not 
the purpose of this paper to suggest or recommend 
any specific applications for LTT. 
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pyrotechnic materials. 


Lightning Thermo Tube, Draft Technical 
Data Sheet, Sept. 2005. 


The high frame-rate video camera was 
provided by Speed Vision, 3970 Sorrento 
Valley Blvd. Suite E, San Diego, CA 
92121, USA, +1-858-450-7107. 


Martinez Specialties, Inc., 205 Bossard Rd., 
Groton, NY 13073, USA, +1-607-898-3053. 


Material Safety Data Sheet, IBQ Industrias, 
Quimicas, Ltda, Quatro Barras, PR, Brasil. 


“Classification of Explosives”, US 
Department of Transportation, Tracking 
Number 2005030367, 2005. 


Luna Tech, Inc., 148 Moon Drive, Owens 
Cross Roads, AL 35763, USA. +1-256-725- 
4224. 


K. L. and B. J. Kosanke, “Evaluation of 
‘Quick-Fire’ Clips”, Fireworks Business, 
No. 263, 2005. 


K. L. Kosanke, “Electric Shock Tube Firing 
Systems”, American Fireworks News, 156, 
1994; also in Best of AFN III, American 
Fireworks News, 1995; and Selected 
Pyrotechnic Publications of K. L. and B. J. 
Kosanke, Part 3 (1993 and 1994), Journal of 
Pyrotechnics, 1996. 


In one study of the ability for conventional 
shock tube to propagate its reaction through 
various lengths of inert tubing, it was found 
capable of spanning a length of nearly 200 
mm (8 in).° 


The collections of photographs in Figures 8 
and 9 were produced using a frame-rate 

of 20,000 fps; however, only every other 
photo is included in the two figures. This 
was done to limit the size of the figures for 
publication. 
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Primer Gunshot Residue Detection from the Firing of a 
Black Powder Revolver’ 


L. T. Briscoe, K. L. Kosanke, and R. C. Dujay 
Mesa State College, Center for Microscopy, PO Box 2647, Grand Junction, CO 81501 


Abstract: A study was conducted to determine the potential for being able to identify primer gunshot residue 
(PGSR) within the substantial quantities of particulate residues produced during the firing of a revolver 
using Black Powder propellant and a percussion cap primer. Samples of gunshot residue (GSR) were 
collected from the shooter’s hands, from surfaces to the side of the shooter, from surfaces near the muzzle 
of the weapon, and from various locations on the weapon itself (both inside and outside). It was found to 
be relatively easy to identify PGSR from the hand of the shooter, from surfaces to the side of the weapon, 
and from most locations on the weapon. However, using the methods of this study, no PGSR was identified 
within the large amount of Black Powder residue projected out the muzzle of the weapon and on the inside 
of its barrel. 


Keywords: gunshot residue, GSR, Black Powder, percussion cap primer, scanning electron microscopy, 


SEM, energy dispersive spectroscopy, EDS 


Introduction 


When a weapon is fired, gunshot residue (GSR) 
can originate from the primer, the propellant, the 
metals contained in the bullet, the bullet jacket, the 
cartridge case, and the gun barrel. For the purposes 
of determining whether a suspect is likely to have 
fired a weapon (or has otherwise been exposed 
to a weapon firing), most generally only those 
residues originating from the primer are sought in 
the analysis. For most ammunition these primer 
gunshot residues (PGSR) contain lead, barium and 
antimony and are detected using a combination of 
scanning electron microscopy (SEM) and X-ray 
energy dispersive spectroscopy (EDS).’ Unlike 
weapons using modern propellants, when a Black 
Powder weapon is fired, a substantial quantity of 
solid propellant residue is produced in addition to 
the relatively small amount of PGSR. This gave 
rise to concern that PGSR might be difficult or 
impossible to identify in samples taken from 
many surfaces typically sampled by investigators. 
The purpose of this brief study was to determine 
whether the firing of a Black Powder revolver is 
likely to produce readily detectable amounts of 
PGSR. 


a. Originally printed in the Spring 2005 MAFS Newsletter 
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Background 


To better quantify the basis for concern regarding 
the relatively small amount of PGSR produced, 
consider the following. A common type of 
primer available for Black Powder weapons 
is Remington’s No. 10 percussion cap, the 
construction of which is illustrated in Figure 1. 
These percussion caps measure approximately 4.5 
mm in length and diameter, and they were found 
to contain approximately 22 milligrams (mg) of 
primer composition. While the exact chemical 
formulation of the percussion cap composition is 
unknown to the authors, the presence of barium, 
antimony/sulfur, lead, aluminum, copper/zinc, 
and iron were identified using EDS, see Figure 
2 in which the elements associated with particles 
of primer composition are identified. (A small 
metallic appearing filament composed of copper 
and zinc is thought to have been produced from 
the brass cup of the percussion primer when the 
primer composition was being cautiously scraped 
from it.) Based on the elements found in the primer 
composition and information from the material 
safety data sheet for the percussion caps, it seems 
most likely that the formulation is similar to one 
identified in the literature’ as being among those 
commonly used. The formulation is presented 
in Table 1. Using this formulation as input, 
thermodynamic free energy modeling predicts that 
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Paper Disk 
Primer Composition 


Brass Cup 


Figure 1. An illustration of the construction of a 
percussion cap primer. (Not to scale.) 


approximately 60% of the reaction products from 
such a primer will be solids. Thus such a primer 
can be expected to generate approximately 14 mg 
of PGSR. On the other hand, a typical load for a 
Black Powder weapon is 2.6 grams (40 grains) 
of Black Powder. Upon firing, this is expected to 
produce approximately 65% solid residues,” for a 
total of approximately 1.7 grams. Thus the relative 
amount of PGSR produced upon firing under 
these conditions amounts a little less than 1% of 
the amount of Black Powder residue. 


If such a small amount of PGSR is reasonably well 
mixed within the substantially greater quantity of 
Black Powder residue, it is unlikely that the normal 
protocol for PSGR detection will be successful in 
finding it. However, if the PGSR is not well mixed 
chemically with the Black Powder residues, there 
is still the possibility for locating PGSR from the 
firing of a Black Powder weapon. There are two 
mechanisms through which this might occur. 


The simplest and most obvious mechanism is if 
some portion of the PGSR escapes the weapon 
prior to mixing with the high temperature reaction 


products from the burning Black Powder. Because 
of the high pressures produced inside a weapon 
when it is fired, and the necessary clearances 
(small gaps) between various component parts of 
the weapon, gunshot residue has the opportunity 
to exit the weapon at several points. If the weapon 
is of the type that uses a percussion cap, the area 
of the nipple (over which the percussion cap is 
slipped) offers the best chance for undiluted PGSR 
to escape. (Figure 3 is a conceptualized illustration 
of one chamber of a Black Powder revolver, in 
which the basic configuration of the parts of the 
revolver is shown.) 


The second means by which detectable PGSR 
might be produced from a Black Powder weapon 
arises if there is some mechanism by which the 
once diluted PGSR might subsequently become 
concentrated. A process such as this has been 
observed to occur when there are substantial 
differences in the melting and boiling points of 
the mixture of reaction products.” In that event, as 
some chemical reaction products are condensing 
and solidifying, others can be temporarily left 
behind as vaporized products to condense and 
solidify later in the process. In so doing, there can 
be a segregation of some of the various reaction 
products. 


Table 2 is a list of the principal reaction products 
of the primer composition given in Table 1, as 
well as those from Black Powder.’ Also given 
in Table 2 are the melting and boiling points for 
most of those reaction products.” While there are 
individual differences in the melting and boiling 


Figure 2. Electron micrograph of the elements found in a Remington No. 10 percussion cap. 
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Table 1. A Common Percussion Cap (Primer) 
Composition. 


Ingredient % 
Lead styphnate 46 
Tetracene 4 
Barium nitrate 25 
Antimony sulphide 20 
Aluminum 5 


points, it would seem that those differences are 
neither sufficient nor systematic enough (between 
the Black Powder residues and PSGR) to produce 
the type of segregation of reaction products that 
would allow the relatively easy detection of PGSR. 
(Note that thermodynamic modeling predicts the 
reaction temperature to be approximately 1800 °C 
when burning at a pressure of 100 atmospheres.) 


Materials and Methods 
Weapon and Ammunition 


The weapon used in this study was a 44 caliber 
“New Army Colt Reproduction in Stainless Steel” 
revolver made by Fillipietta. The propellant used 
was 40 grains (2.6 grams) of 3Fg Goex Black 
Powder. A 185-grain (12-gram) lead ball was then 
loaded on top of the powder, and a mixture of 
paraffin and Vaseline was packed over each loaded 
cylinder to seal it and prevent cross firing of the 
weapon. (Figure 3 is a conceptualized illustration 
of one chamber of a Black Powder revolver, in 
which the basic configuration of the parts of the 
revolver is shown.) Prior to loading, the weapon 


Percussion cap 


Chamber 
Sealant 
Hammer 


! 


Nipple 


Black Powder 
Lead Ball 


Cylinder ] 
Gun Barrel 
Figure 3. A conceptual illustration of the 


configuration of a Black Powder revolver. (Not 
to scale.) 


was very thoroughly cleaned. Remington No. 10 
primers were the only primers used in this study. 


Setup of Collecting Surfaces 


Three collecting surfaces were prepared prior to 
the test firings. Each collecting surface had four 
standard Amray 0.5-inch diameter SEM stubs, 
with conductive adhesive carbon dots attached. 
Previous analysis of the blank stubs confirmed that 
they were free of contamination. The stubs were 
placed in a four corner arrangement on the cleaned 
collecting surface. Two such collecting surfaces 
were positioned to the sides (one right and one 
left) of the shooter at a distance of approximately 
12 inches from the weapon and at a point directly 
in line with the weapon’s cylinder. A third such 
collecting surface was positioned approximately 
12 inches in front of the end of the barrel of the 
weapon; however, this collecting surface had 


Table 2. The Primary Solid Reaction Products Expected To Result when Firing a Black Powder Weapon. 


Source Solid Reaction Temperature (Cy 


Products Weight % Melting Boiling 
— Barumsulfide ~~ ~26 ~~ ~~ +1200 ° (ms) 
Lead sulfide 26 1114 (ns) 
Percussion Cap Antimony metal 23 630 1750 
Aluminum oxide 15 2015 2980 
Lead metal 10 327 1740 
Potassium carbonate 43 891 (d) 
Black Powder® Potassium thiosulfate 25 >200 (d) 
Potassium sulfate 20 1069 1689 


(a) CRC 1995 (b) von Maltitz 2001 (d) = decomposes (ns) = not specified 
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Figure 4. 4 sketch illustrating the setup for the 
test. 


a hole in the middle to allow the passage of the 
bullets. Figure 4 is a sketch illustrating the setup 
for the test. 


Firing of the Weapon 


The test firings occurred outdoors in an area free 
from residues from any previous weapon firings. 
The weather was sunny and clear with only a very 
slight breeze. Prior to firing the first shot, the 
adhesive covering was removed from each stub 
on all collecting surfaces. The weapon was held in 
the right hand of the shooter, while the left hand 
supported the grip of the revolver. Once the weapon 
was properly positioned in the middle of the three 
collecting surfaces, a shot was fired through the 
pre-cut hole in the front collecting surface. One 
SEM stub on each side collecting surface was 
removed after the first shot. Because of the large 
amount of Black Powder residue observed to have 
been deposited on the front collecting surface, 
two stubs were removed from the front collecting 
surface. To avoid contamination, this was done by 
a researcher other than the shooter. (The shooter 
was solely responsible for handling and firing 
the weapon.). The stubs that were removed were 
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immediately placed in a storage case and the lid 
was shut tightly before the second shot. 


The shooter proceeded to fire the weapon a second 
time. Another stub was removed from each of 
the side collecting surfaces. Because of the very 
large amount of residue that had been deposited 
on the front collecting surface, both remaining 
stubs were removed after the second shot. For the 
two collecting surfaces located to the side of the 
shooter, the third stub was removed after three 
shots, and the final stub was removed after a total 
of six consecutive firings of the weapon. 


GSR Sampling of the Weapon and Shooter’s 
Hands 


Immediately after completion of the test firings, 
the outside and inside of the shooting hand as 
well as the opposing hand were sampled. First the 
web area on the outside of each hand was dabbed 
with a conductive adhesive carbon dot a total of 
thirty times. Then, using a new stub and carbon 
dot, the entire surface of the inside of each hand 
was sampled in a similar manner. This sampling 
was performed by a researcher, not the shooter, 
to ensure that there was no contamination of the 
samples. Each sample was immediately placed in 
a storage case after sampling. 


Exterior and interior surfaces of the weapon were 
also sampled using conductive adhesive carbon 
dots. Depending on the nature of the surfaces 
being sampled, various methods were used. For 
irregular surfaces the carbon dot was attached to 
a small piece of Velostat film (conductive plastic 
film). After sampling, the carbon dot and Velostat 
were attached to a standard 0.5-inch SEM stub 
using a second conductive adhesive carbon dot. 
For sampling some confined surfaces on the 
interior of the weapon, double-sided conductive 
adhesive strips were temporarily attached to the 
end of thin rod and pressed against the surfaces. 
After sampling, the adhesive dot was carefully 
peeled off the rod and placed on a stub. 


PGSR Analysis 


The search for PGSR was accomplished using 
a manually operated AMRAY 1000 (recently 
remanufactured by E. Fjeld Co.) and equipped 
with digital imaging software. The instrument 
was operated with an accelerating potential of 
20 kV. Prior to analysis, the GSR samples were 
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Figure 5. X-ray spectra of typical unique PGSR particles. 


carbon coated to improve the quality of the images 
produced. The X-ray spectrometer used was 
energy dispersive, using a Kevex Si(Li) detector 
(with a beryllium window) in conjunction with 
an American Nuclear System model MCA 4000 
multichannel analyzer using Quantum-X software 
(version 03.80.20). The EDS system was calibrated 
prior to analysis using a copper and aluminum 
sample. 


To facilitate the identification of particles ofinterest 
on the SEM image screen, backscatter imaging and 
acareful adjustment of contrast and brightness were 
required. In the backscatter imaging mode, objects 
composed of chemical elements with relatively 
high atomic number appear brighter than those with 
lower average atomic number. After a brief period 
of experimentation, imaging settings were found 
that aided in the identification of PGSR particles 
among very large numbers of non-PGSR particles. 
For the purposes of the work, a particle of interest 
was defined as those for which the particle itself 
appeared noticeably brighter than the bulk of other 
material. Once a particle of interest was located, an 
X-ray spectrum was acquired, with the resulting 
peaks used to identify the chemical elements that 
were present. Figure 5 is an example of an X-ray 
spectrum of two PGSR particles. Because of the 
beryllium window on the detector, X-rays less than 
approximately | keV do not reach the detector. In 
contrast to the elements found in PGSR, Black 
Powder residues produce only those X-ray peaks 
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from potassium and sulfur. (A prior examination 
of unreacted and reacted primer composition had 
confirmed that it contained substantial quantities 
of three key indicators of PGSR, i.e., lead, barium 
and antimony). Consistent with commonly used 
definitions, in this work: unique PGSR particles 
were those producing X-ray peaks for lead, barium 
and antimony, whereas characteristic PGSR 
particles were those producing peaks for only two 
of the three unique PGSR elements. 


The propose of this brief study was only to 
determine whether it was likely that one could 
detect PGSR particles from the firing of this type 
of Black Powder weapon. It was not intended 
to statistically quantify the PGSR distribution 
or its abundance relative to Black Powder 
residue particles. In addition, the instrument 
was manually operated, making the effort labor 
intensive. Accordingly, in this study the analysis 
only proceeded until a relatively few particles of 
interest were located and characterized, this ranged 
from 5 to 26 particles. See Figure 6 for an electron 
micrograph of two typical PGSR particles. 


Results 


The results of this study are summarized in Table 
3 and in the text below. Although not specifically 
included in Table 3, the GSR on each of the samples 
consisted primarily of those residues produced by 
the burning of the Black Powder propellant. 
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Figure 6. Electron micrograph (secondary 
electron imaging mode) showing typical PGSR 
particles. 


Shooting Hand 


From the sample taken from the shooting hand 
(the hand that pulled the trigger) 22 particles of 
interest were examined. Of these, two particles 
were found to be unique and three particles were 
found to be characteristic. The non-shooting hand 
was not examined for PGSR; it was assumed that 
the results would be consistent with common 
experience with regard to finding PGSR on non- 
shooting hands. 


Left-Side Collecting Surface 


From the stub from the collecting surface placed to 
the left side of the weapon after one shot was fired, 
23 particles of interest were examined. Of these, 
two particles were found to be unique and three 
particles were characteristic. Because a reasonable 
number of PGSR was found on the collecting 


surface to the left side of the shooter after only 
one shot, only that one sample was examined. It 
was assumed that similar results would have been 
found after two, three, or even six shots of the 
weapon. Given the geometry of the weapon it can 
be assumed that similar results would be found on 
the collecting surface located to the right of the 
shooter. 


Front Collecting Surface 


After an extended search of the large amount of 
particulate matter expelled from the muzzle of the 
revolver, after just one shot was fired, 26 particles 
of interest were found and analyzed. Of these, 
no unique or characteristic particles were found. 
Twenty two of the particles were found to contain 
lead (presumably bullet lead), of which most 
had a generally spheroidal appearance. No other 
elements other than those from the Black Powder 
(potassium and sulfur) were found. This is not to 
say that absolutely no PGSR was emitted from the 
muzzle of the weapon. Because of time constraints 
and lack of an automated scanning system, the 
search for PGSR was abandoned after a few hours, 
and the entire surface of the collecting stub was 
not searched. However, it does seem clear that, 
at the very least, it is much more difficult to find 
PGSR that has been expelled from the muzzle 
of the revolver than it is to find PGSR that have 
escaped elsewhere. 


Outside Surface of the Revolver 


A total of 15 particles of interest particles were 
examined from the outer sample collected from the 
surface of the gun. Of the 15, four of the particles 
were unique, and none of the particles were 


Table 3. 4 Summary of the Results of the Search for PGSR from the Firing of a Black Powder Revolver. 


Sample Source 

Shooting Hand 

Left Collecting Surface 

Front Collecting Surface 
Revolver Outside — Surface 
Revolver Outside — Nipple 
Revolver Inside — Nipple Screw 
Revolver Inside — Barrel 


Number of Particles of Interest 


Analyzed® Unique Pb/Ba_ Pb/Sb_ Ba/Sb 
22 2 1 1 1 
23 2 3 0 0 
26 0 0 0 0 
15 4 0 0 0 
5 3 0 0 0 
6 2 1 0 0 
12 0 0 0 0 


(a) This is the number of “particles of interest” that were analyzed by EDS. These particles were selected because their 
image in the backscatter mode was noticeably brighter than the bulk of the rest of the particles. (b) Unique particles 
had all three elements (Pb, Ba, and Sb) visibly present in the EDS spectra. 
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characteristic. From the outside of a nipple (over 
which the percussion cap had been installed), only 
five particles of interest were examined. Of these, 
three were found to be unique, and none were 
characteristic. 


Inside Surfaces of the Revolver 


From the end of the nipple screw (the end at the 
entrance to the rear of the weapon’s chamber), of 
the six particles of interest examined, two were 
found to be unique and one characteristic. From 
the inside of the barrel, 12 particles of interest 
were located. Consistent with what was found for 
material expelled from the muzzle of the weapon, 
none of the particles were unique or characteristic. 
Six of the particles contained lead (presumably 
bullet lead) and somewhat unexpectedly, one of 
the particles contained a small amount of barium, 
presumably from the primer composition. 


Conclusions 


As expected, PGSR can be located with relative 
ease amid the copious Black Powder residue from 
certain areas surrounding at least some types of 
Black Powder weapons after their having been 
fired. These areas are those from which PGSR 
can escape prior to its intimate high temperature 
mixing with the Black Powder combustion 
products. Specifically, for a revolver using 
percussion caps, such as used in this study, that 
includes the shooting hand (and presumably the 
face) of the shooter, objects to the side of the 
weapon (presumably including clothing), the 
outside surfaces of the weapon especially the 
interior and exterior surfaces near the nipple (over 
which the percussion cap is positioned). However, 
it appears that once the PGSR has thoroughly 
mixed with the high temperature Black Powder 
combustion products, it becomes so diluted that 
it is either quite difficult or impossible to locate. 
Specifically, this includes the material expelled 
from the muzzle of the weapon and the inside 
of the barrel (and presumably the inside of the 
chamber and cylinder ahead of the nipple). 


Although not specifically studied in this 
investigation, these results suggest that significant 
quantities of PGSR may not be found from the 
firing of some types of Black Powder weapons. 
This includes any Black Powder weapon that does 
not provide a ready path that allows the escape of 
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PGSR without it first having mixed with copious 
quantities of Black Powder residue. One such 
example would likely be a weapon using sealed 
metal cartridges with an integral primer. For such 
a weapon it would be expected that there will be 
almost no chance for PGSR to escape without 
its intimate high temperature mixing with, and 
dilution by, the much greater quantities of Black 
Powder combustion products 


Obviously much additional research should be 
performed in this area. It would be preferred to 
have run an automated scan over the entire stub 
of material collected from near the muzzle of the 
weapon. This would more definitely establish 
the statistical probability of finding occasional 
PGSR intermixed with the Black Powder residues. 
Although it would be expected to yield substantially 
similar results, it would also be appropriate to 
test different types of primers and various Black 
Powder substitutes for their production of PGSR. 
Finally it would be appropriate to investigate the 
production of PGSR from Black Powder weapons 
using sealed metal cartridges. 
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